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1 !NTRODUCTION AND SUMMARY 

1.1 GENERAL 

The water recoverable reuseable pressure-fed engine propulsion stage 
approach has the Foten t ia l  o f  o f f e r i n g  r e l i a b l e  and economical propulsion 
i n  the next decades o f  space exp?orat ion and u t i l i z a t i o n .  The s i m p l i c i t y  
o f  the propulsion complex, the optimum low pressure operating regime f o r  
the engines, the minimum t o t a l  number o f  ac t i ve  elements, and the al lowable 
sheer ruggedness o f  the overa l l  design approach r e s u l t  i n  a launching stage 
which v i r t u a l l y  guarantees low operational costs. By incorporat ion o f  a 

design philosophy which always dr ives the design towards minimum t o t a l  
program cost and a requirement t h a t  any engineering approach must be ac- 
complished by responsibly generated cost ef fect iveness resu l ts ,  a derived 
design approach i s  taken which provides the end r e s u l t  o f  minimum cost  
w i th  high r e l i a b i l i t y .  
t ions  f o r  such a vehicle, i t  i s  necessary t h a t  a l l  the required funct ions 
o f  the t o t a l  vehic le be analyzed i n  terms o f  t h e i r  composite cost  e f f e c t  
on the whole program. Unknown areas requ i re  t h a t  carefu l  r i s k  assessment 
be made and a l te rna t i ve  approaches be evaluated as insurance t o  meet the 
overa l l  program requirements and goals. 

Because o f  the strong d r i v i n g  cost  payoff func- 

TRW Systems was awrded contract  NAS 8-28218 on 24 November 1971 t o  
perform a 3-month program o f  engine design and system support t o  on-going 
NASA vehic le study contracts and t o  accomplish Phase A/B pre l iminary 
analysis o f  candidate pressure-fed engines (PFE). The Phase A e f f o r t  t e r -  
minated on 19 January 1972 w i t h  a documentation o f  the techn ica l l y  derived 
design and supporting analysis data and a formal presentation o f  the r e s u l t s  
a t  NASA/MSFC. 

I 

The Phase A basic program object-hes were as fo l lows: 

1) Parametric d e f i n i t i o n  o f  a pressure-fed engine system f o r  
t h rus t  levels,  propel lants,  etc.  

2) D e f i n i t i o n  o f  i n te r face  data required by the booster Phase 
B prime contractor(s)  f o r  t h e i r  p a r t i c u W  booster conf ig-  
u r a t i  ons 

3)  D e f i n i t i o n  o f  a prel iminary basel ine design f o r  the pressure- 
fed engine system approved by NASA 

4) Determination o f  required engine operational charac ter is t i cs  

t 
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5 )  Determination o f  research, design, t e s t  cnd evaluation, 
production ;Ind operational costs f o r  the selected systems 

6) I d e n t i f i c a t i o n  o f  cos t/performance/mi ssion ef fect iveness 
7)  Recommendations. 

For  the Phase A/B type o f  design studies i n  t h i s  program two prope l lan t  
combinations were considered: L02/RP-1 and L02/C3H8. T k  Phase B e f f o r t  was 
d i rec ted  t o  consideration o f  the LO,/RP-1 combination. F . -  a Phase A/B study 

t o  determine the f e a s i b i l i t y  o f  the ,+E f o r  the Space Shut t le  booster the 
design studies were necessar i ly  l i m i t e d  t o  key e f f o r t s  which had major i m -  

pacts OR the technological f e a s i b i l i t y  assessment o f  the concept. 
resu l t ,  the stress, thermal, and dynamic studies are by no means complete 
f o r  f i n a l  design purposes. 
engineering evaluat ion o f  the overa l l  concept. 

As a 

They are s u f f i c i e n t l y  complete t o  provide 

This technical  repo r t  summarizes the r e s u l t s  ol  the analyses conducted 
i n  support o f  the selected engine system fo r  the pressure-fed booster stage. 

* ... 

Various a l ternates are a lso techn ica l l y  compared where appropriate. The 3 

cost ing analysis o f  the TRW Systems pressure-fed engine program requirements 3 :  -i 
are presented as propr ie ta ry  data under separate cover i n  SE-019-008-2H-B, 
Cost Estimating Data. 
(PFE) i s  presented under separate p ropr ie ta ry  cover i n  SE-019-008-2H-C. The 
PFE design data summary i s  presented i n  the Design Data Book, SE-019-011-2H. 
The repo r t  Prel iminary Design Package, SE-019-013-2H presents the pre l imin-  
ary design package. A de ta i l ed  mass proper t ies summary i s  presented in the 

The development p lan f o r  the pressure-fed engine 

Mass Propert ies Report, SE-019-015-2H. 

1.2 RECOMMENDED CONFIGURATION CHARACTERISTICS 

The design approach (Figure 1.2-1) t o  the 
f y i  ng the enGi ne t o  i t s  most rudimentary func t  

I 

TRW PFE has been one o f  simp 
oris. The engine features a 

i- 

24" diameter c e n t r a l l y  located i n j e c t o r  w i t h  LO2 enter ing the engine a x i a l l y  
as shown. The diameter o f  the LO2 feeder i s  s e t  i d e n t i c a l  t o  the main veh ic le  
feed duct ing w i th  feed v e l o c i t i e s  on the order of 20 fps. 
chamber r a d i a l l y  through 36 primary and 36 secondary slots. 
.or, the order o f  3" x 0.7" and as such do not  possess any c r i t i c a l  tolerance 
dimensions. The f u e l  f lows through pu 0.7" annulus i n  an a x i a l  d i r e c t i o n  
where i t  in tercepts  the r a d i a l l y  f lowing LO2. 
f i c e s  then are not  c r i t i c a l  tolerance elements and are eas i l y  inspected. 

The LO2 enters the 
These s l o t s  are 

The e f f e c t i v e  metering o r i -  
* '  

3 
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The cryogenic LO2 temperatures are separated from the ambient temperature 
f u e l  by a void t o  present undesireat le temperature in te rac t ions .  
i s  achieved w i t h  standard TEA/TEB, s i m i l a r  t o  the F-1 syster;,. 

I g n i t i o n  

The f u e l  enters the engine through ai. external  feeder duct Q f  nominal 
14" diameter. 
the i n j e c t o r  
temperature. 

k s ing le  up pass cool ing c i r c u i t  i s  u t i l i z e d .  
t an estimated 2OO0F temperature ! igher than the supply 

The f u e l  enters 

The propel lant  shut o f f  valves are o f  the wafer type and serve on?y as 
The actuators can be dr iven  by: (1) APU hydraul ic  power, o r  on-of f  valves. 

(2 )  the pressurized RP-1, o r  (3 )  the pressur izat ion system gases. These 
valves are % 14" f o r  the f u e l  and Q 18" f o r  the LO2. 

The tube bundle consists o f  940 tubes. The approach taken i s  t o  se lec t  
a tubing s i z ing  which i s  o f  standard m i l l  run. The tubr;  are then shaped 
only w i t h  respect t o  width i n  the chamber w i t h  no tube wa l l  drawing required. 
This meam a constant wa l l  thickness, constant perimeter tube i s  possible, 
r e s u l t i n g  i n  minimum tube costs. There v e  no c r i t i c a l  dimensions f o r  the 
Lube bundle f o r  the low heat f l u x  PFE. 

The chamber pressure she l l  extetIds to  an area r a t i o  o f  CL 1 . W .  The 
remainder o f  the nozzle i s  banded. 
i n t i ? g r a l l y  brazed as a u n i t .  

The e n t i r e  she l l ,  tube, and banding i s  

The gimbal mount i s  a 4 bearing mount, placed around the oz id i ze r  i n -  
l e t  i n  a symmetrical gimbal r i ng .  

The l i f e  o f  the engine i s  predicted t o  e a s i l y  meet a mission requi re-  
ment t,f 50 missions from a pressure and thermal f a t i g u t  standpoint. 
l i f e  i s  D a r t i c u l a r l y  enhanced by using a l l  t1,e f u e l  f o r  cool ing t o  m i n i n i t e  
the tube wa l l  temperatures. 

This 

The engine i s  fabr icated from INCO 718 f o r  high corrosion r e s i s t a m t .  
N i  200 tubing would increase the l i f e  t o  greater than 100. The weight a f  
the engine i s  11,467 l b s  d ry  and 14,956 lbs  het; these weights r e s u l t  i n  
higher thrust/weight r a t i o s  than conventional engines can give, p r i m a r i l y  
because .;7 the 660 l b  centra l  i n j e c t o r  element. 

The overa l l  envelope o f  the engine i s  Q 172.8" O.D. by 261.5" t o  the 
plane o f  the gimbhi r i ng .  
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1.3 INJECTiON CONCEPT CONFIGURATION 

c- 

The se lzc t ion  o f  the i n j e c t o r  design approach i n  the PFE i s  c ruc ia l  
t o  the development o f  the PFE. 
1.3-1) i s  taken because i t  represents the only  known i n j e c t o r  concept 
approach used i n  a major United States rocket  engine development program 
wi th  no h i s to ry  o f  s t a b i l i t y  problems. The Lunar Descent Module Engine 
proqram used the concept and was f r e e  o f  combustion s t a b i l i t y  problems. 
It represents the absolute s i m p l i c i t y  i n  number o f  par ts  and i n j e c t i o n  
elements. The f lw  areas ind icated i n  Section 1.2 can be measured physic- 
a l l y  mor2 accurately than they can be f l o w  checked. 
minimum weight i n j e c t o r  desicjn because i t  u t i l i z e s  only one pressure dome 
i n  the engine. A key fac to r  i s  t h a t  i t  i s  fabr ica ted  from one s ing le  
material;  as a r e s u l t  there i s  no need f o r  any h igh conduct iv i ty ,  d i s -  
s im i l a r  metals which can be a cause o f  i n te rna l  corrosion. 

The TRW coaxial  i n j e c t o r  approach (Figure 

I t i s  the absolute 

The LO2 and RP-1 f u e l  valves are e d s i l y  in tegrated i n t o  the assembly. 
F l i g h t  t o  f l i g h t  inspect ion i s  g r e a t l y  s i m p l i f i e d  by the use o f  the la rge  
f low areas/element. As a 24" diameter element i t  represents an extremely 
rugged design, v i r t u a l l y  guaranteeing extensive re-use. 

The coaxial  i n j e c t o r  approach al lows the incorporat ion o f  mechanical 
t h r o t t l i n g  (Figure 1.3-2) i n t o  the design w i t h  a minimum o f  d i f f i c u l t y .  
This i s  accomplished by the add i t i on  o f  the sleeve as shown. This sleeve 
i s  ex te rna l l y  actuated by hydraul ic  o r  electromechanical means. 

continucusly t h r o t t l e d  o r  step th ro t t l ed .  As i l l u s t r a t e d  i t  i s  a d i r e c t  
appl icat ion o f  the LMDE technology base. 

I t can be 

As the PFE i s  f u r t h e r  analyzed i t  may be found t h a t  i t  i s  h i j h l y  de- 
s i reable t o  add the feature o f  face shut-of f  t o  the PFE. This would be 

done t o  prevent any sea water en t ry  i n t o  the engine. 
by simply c los ing the t h r o t t l i n g  sleeve. I n  appl icat ion,  a f t e r  boost 
termination, the r--cidual propel lants  vaporize o f f ,  and the sleeve i s  
closed, w i th  perhaps, 50 psia nf y s s u r a n t  gas locked up behind the face. 
This has been demorstrs'f. 

It i s  accomplished 

-:-ted tes ts  i n  previous TRW programs. 

1.4 AlT€RNATE CONCi '* . . a -  

1n the course o f  the Phase B f e a s i b i l i t y  design studies o f  the selected 
concept several a1 ternate concepts were b r i e f l y  examined t o  determine t h e i r  

i 
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a p p l i c a b i l i t y  and po ten t i a l  advantages t o  the pressure-fed booster pro- 
gram as compired t o  the basel ine approach. These included the aerospike 
concept, the French Valois r a d i a l  i n f l o w  i n j e c t o r ,  the United Technologj 
Techrol l  seal gimbal nozzle and the TRW duct cooled engine approach. 
The summary f ind ings  are ind icated below: 

0 

1.4.1 -- A w o s p e  - 
The awodjmmic nozzle approach o f  using a 30% truncdted adiabat ic  

nozzle was t ( * i e f l y  examined as: (1) a c l u s t e r  o f  seveit 1200K t h r u s t  sea 
leve l  aerosDike engines, and (2)  as a s ing le  la roc  aerospike engine. 
The d e t a i l s  o f  the r e s u l t s  are given i n  Tecticn 2.1.9. I n  general, the 
f ind ings shcw t ha t  the engine lengths ar2 approximately one t h i r d  t h a t  
o f  the conventional pressare-fed engirtes. Thei r  external  diameters ex- 
ceed those o i  the conventional engines (192" O.D. vs. 173" O.D.) and 

the wet weight o f  the c lustered aerospike engine design i s  18,483 l b s .  
v;. 14,956 lbs. "or the conventional PFE. The s ing le  large aerospike 

engine wet weights 169,140 lbs  vs. 104,692 lbs.  f o r  the e n t i r e  7 engine 
PFE c luster .  No d i r e c t  cost  sumnary comparisons were made but  i t  was 
estimated t h a t  the i n j e c t o r  costs would t, an order o f  magnitude higher 
than the simple coaxial  flu& in jec to r .  Consequently, the aerospike was 
dropped from f u r t h e r  serious consideration. 

1.4.2 Radial Flow Yalois I n j e c t o r  

The French have developed a r a d i a l  i n f l o w  i n j e c t o r  used on the 

The concept was developed f o r  
Diamant vehicle. 
from the combustion chamber perimeter. 
ear th  s torable propel lants,  UDMH and N204, aiid t o  date has been operated' 
a t  a t h rus t  l eve l  o f  approximately 70,000 l b s f .  A b r i e f  s t a b i l i t y  

analysis assessment was made o f  the approach and i t  was concluded tha t  
the propellan+s are heing i n jec ted  i n t o  the most sens i t i ve  region o f  the 
PFE f o r  the f i r s t  tangent ia l  mode. As a consequence, i t  i s  s t rongly  

suspected t h a t  the approach cannot be scaled up t o  the PFE s ize  wi th- 
out encountering severe combustion s t a b i l i t y  problems. The i n j e c t o r  

weight a t  the scaled up s i ze  f o r  the PFE w i l l  be % 3500 lbs.  as compared 
to  the 660 lbs.  f o r  the TRW coaxia l  flow i n j ec to r .  The weight fac to r ,  

coupled w i t h  the increased cost  o f  machining and the probable s t a b i l i t y  

I n  t h i s  concept the propel lants  f l ow  r a d i a l l y  inward 
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problems suggested t h a t  there vJere no t o t a l  system advantages t o  be 
gained by the use o f  the concept. 

1.4.3 F l u i d  Bearing Gimbal Nozzle 

C' 

The primary problem i n  the propuls ion system t o  be an t ic ipa ted  i n  
the operation o f  the ocean recoverable booster occurs a t  impact o f  the 
vehic le.  As ind icated i n  Section 8,4 the water loads can be q u i t e  high. 
As a r e s u l t  the engine nozzles must be designed t o  be: (1 )  protected by 
the vehic le  b o a t t a i l  closure, (2 )  s t r u c t u r a l l y  protected, o r  (3) f rang i -  
b l e  disposal protected. The UTC patented Techro l l@Seal  concept i s  an 
i n t e r e s t i n g  concept which would a l low the problem t o  be solved by the 
Item (3)  approach. The approach i s  estimated t o  be cost  e f f e c t i v e  and 
i t  al lows f o r  the incorporat ion o f  a f i x e d  engine i n s t a l l a t i o n  t o  the 
vehicle, thus e l im ina t ing  a r t i c u l a t i n g  bellows. The system pressure 
drop i s  a lso  minimized i n  t h a t  the engine i s  on ly  regenerat ive ly  cooled 
t o  an area r a t i o  o f  % 1.5. The gimbal l ing nozzle i s  an ab la t i on  throw- 
away, The concept i s  f u l l y  described i n  Section 2.1.11. I t  i s  o f  such 
i n t e r e s t  t h a t  i t  would have t o  be ser ious ly  considered i n  a cont inuing 
design e f f o r t  f o r  the  PFE. 

1.4.4 Duct Cooled Engine 

I n  the duct cooled approach, a p o r t i o n  o f  the f u e l  i s  bypassed from 
the i n j e c t o r  f low and f lows i n  p a r a l l e l  w i t h  t h a t  through the  i n j e c t o r .  
As a consequence, the regenerative cool ing pressure drop i s  saved. The 
bypass f u e l  f lows through cool ing channels on a jacke t  on the combustion 
chamber wa l l  down t o  an engine contract ion r a t i o  of % 1.4:l. The combus- 
t i o n  chamber serves as a vaporizer, and the f u e l  i s  vaporized and emitted 
as a high v e l o c i t y  vapor along the nozzle wal ls .  
b lanket t o  the e x i t  o f  the nozzle. 

I t  serves as a p ro tec t ion  

TRW Systems has been emminently successful w i t h  t h i s  form o f  cool ing 
i n  small, h igh area r a t i o  thrusters ,  mp loy ing  H2/02, N2H4/N204, H2/F2, 
C3H8/F2/02 propel lants.  
d i c t i n g  nozzle behavior. 

Design theory has been q u i t e  successful i n  pre- 

I f the concept could be car r ied  forward t o  the l a rge  PFE a most 

simple engine design resu l ts .  A program cost  and weight analysis shows 

$ * 
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t h i s  engine approach t o  be q u i t e  a t t r a c t i v e .  Addi t ional  experimental 

work i s  c e r t a i n l y  warranted t o  determine tne mer i ts  o f  the app l i ca t i on  
o f  the approach t o  the PFE. The design i s  discussed i n  Section 2.1.12 

ind the thermal analysis support ing the design i s  given i n  Section 8.2.3. 

1.5 NEW TECHNOLOGY DISCLOSURES 

Since the emphasis i n  t h i s  program was on the design f e a s i b i l i t y  o f  
using s tate-of - the-ar t  approaches t o  the PFE, no new technology disclosures 
were made i n  the program. 

c 
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2. CONFIGURATION DESIGN STUDY RESULTS 

c- 

c 

The fo l low ing  sections present the r e s d t s  o f  the design trade studies 
performed during the F e a s i b i l i t y  Study o f  a Pressure Fed Engine For a Water 
Recoverable Space Shut t le  Booster. The conf igurat ion chosen as the TFY can- 
d idate engine i s  the gimballed, regeneratively cooled conf igurat ion using 
the TRW coaxial i n j e c t o r  element. This conf igurat ion meets a l l  o f  the re-  
quirements establ ished f o r  the PFE a t  G minimum vieight w i t h  the highest 
probabi 1 i ty f o r  a success or iented program. 

absolute engine s t a b i l i t y ,  ease o f  manufacturing, extended engine l i f e ,  
corrosion resistance, and general s i m p l i c i t y  are a l l  features o f  t h i s  design. 

Reusable engine performance, 

A1 ternate conf igurat ions are a lso presented and the advantages and d is -  
advantages o f  these conf igurat ions t o  solve po ten t ia l  problems are no t  cur- 
r e n t l y  wel l  defined are a lso included. 

2.1 CONFIGUWTION SUMMARY 

The TRW regenerative cooled chamber candidate design emphasizes the 
f i xe- ]  t h r u s t  coaxial i n j e c t o r  assembly i n  the center o f  the engine as shown 
i n  Figure 1.2-1. The center feed LO2 duct ing i s  nest led wi th in  a fou r  bear- 
i n g  gimbal r i ng .  The gimbal bellows f o r  the LO2 feed are retained w i t h i n  
the gimbal enclosure. The f u e l  l i n e  feeds i n  a x i a l l y  and across the head 
end w i t h  two bellows t o  a l low f o r  the gimbal l ing a r t i c u l a t i o n .  The f u e l  

then feeds a x i a l l y  t o  a tapered torus manifold a t  the e x i t  o f  the engine. 
A s ing le pass cool ing system, (% 700 t o  1000 tubes) i s  used t o  s imp l i f y  
the engine design. The high pressure po r t i on  o f  the engine i s  re ta ined 
i n  a pressure she l l  extending t o  an E o f  1.4:l. The dome i s  a % 2: l  e l l i p -  
t i c a l  dome. 

A primary feature i n  the design i s  the use o f  constant perimeter, con- 
stari t  w a l l  thickness tubing o f  standard m i l l  run. This resu l t s  i n  a minimum 
cost tube manufacturing operation, since no c r i t i c a l  dimensions are required 
f o r  the tubes. 

The expansion nozzle i s  re ta ined i n  pressure hoop tension through the 
use o f  band sections located on % 10" centers. The overa l l  s i z ing  o f  the 
engine i s  Q 172" O.D. by 263" t o  the gimbal plane, and, a wet weight o f  

Q, 14,950 l b s  i s  projected f o r  the engine. 

i 
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9 The th rus t  i s  picked up through a t h r u s t  loading cone as shown and 
taken up to  the gimbal r i n g  from the pressure she l l  c y l i n d r i c a l  sec t io r .  

The valves as shown are Posi seal type wafer valves. These valves 
provide the minimum AP and geometry a f f e c t  on the engine design. 

2.1.1 Candidate Conf igurat ion 

The design approach t o  the TRW PFE has been one o f  s imp l i f y i ng  the 
engine t o  i t s  most rudimentary funct ions.  The engine features a 24" 
diameter c e n t r a l l y  located i n j e c t o r  w i t h  ox id izer  enter ing the chamber 
a x i a l l y  as shown i n  Figure 2.1A-1. 
i s  se t  i den t i ca l  t o  the vehic le  feed duct ing and f low v e l o c i t i e s  a re  on 
the order o f  20 fps. The ox id izer  i s  turned a t  the i n j e c t o r  t i p  and 
enters the chamber r a d i a l l y  through 36 primary and 36 secondary s lo t s .  
These s lo t s  are on the order o f  3" x 0.7" and as such do no t  possess 
any c r i t i c a l  tolerance dimensions. The fue l  f lows through Q 0.7" annulus 
i n  an ax ia l  d i r e c t i o n  where i t  in te rcepts  the r a d i a l l y  f lowing ox id izer .  
The e f f e c t  o f  dimensional d i f ferences on these metering o r i f i c e s  i s  not  
c r i t i c a l .  They are e a s i l y  c u t  by standard manufacturing pract ices and 
read i l y  inspected. The cryogenic ox id i ze r  temperatures are separated 
from the ambient temperature f u e l  by a vo id  t o  prevent undesireable 
temperature in teract ions.  
s i m i l a r  t o  the F-1 system. 

Tbe diameter o f  the ox id i ze r  feeder 

I g n i t i o n  i s  achieved w i t h  standa-d TEA/TEB, 

The fue l  enters the engine through an external  feeder duct o f  nomina 
14" diameter. A s ing le  counter pass regenerative cool ing c i r c u i t  i s  u t i l -  
ized. The f u e l  enters the i n j e c t o r  a t  an estimated 20C'F temperature 

higher than the supply temperature. 

The prope l lan t  shu to f f  valves are o f  the  wafet type and serve only  
as on-of f  valves. The actuators would be dr iven by: (1) APU hydraul ic  
power, o r  (2) the pressurized RF'-1, o r  ( 3 )  the pressur izat ion systcm 
gases. These valves are Q 14" f o r  the fue l  and Q 16" f o r  the ox id izer .  

The design chamber tube bundle consists o f  940 tubes. The approach 
taken i s  t o  se lec t  a tubing s i z ing  which i s  o f  starldard m i l l  run. The 
tubes are then shaped only  w i t h  respect t o  width i n  the chamber w i t h  110 

tube wal l  drawing required. This means a constant wa l l  thickness, con- 
s tan t  perimeter tbhe i s  possible, r e s u l t i n g  i n  a minimum tube cost.  There 
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are no c r i t i c a l  dimensions f o r  the tube bundle f o r  the low heat f l u x  PFE, 

The chamber she l l  extends t o  an area r a t i o  o f  % 1.4: l .  The remainder 
o f  the nozzle i s  banded. The e n t i r e  she l l ,  tube, and banding i s  i n t e g r a l l y  
brazed as a u n i t .  

The gimbal mount i s  a 4 bearing mount, placed around the ox id izer  
i n l e t  i n  a smmetr ica l  gimbal r i ng .  

The l i f e  o f  the  engine i s  predicted t o  e a s i l y  meet a mission requi re-  
ment o f  50 missions from a pressure and thermal f a t i g u e  standpoint. This 
l i f e  i s  p a r t i c u l a r l y  enhanced by using a l l  the fue l  f o r  cool ing t o  minimize 
the  tube wa l l  temperatures . 

The engine i s  fabr icated from I N C O  718 f o r  h igh corrosion resistance. 
The weight o f  the engine i s  11,467 Ibs  d ry  and 14,956 l b s  wet; these weights 
r e s u l t  i n  higher thrust /weight r a t i o s  than conventional engines can give, 

p r imar i l y  because of the 660 l b  i n j e c t o r  elelllent. 

The overa l l  envelope o f  the engine i s  Q 172.8" O.D. by 261.5" t o  the 
plane o f  the gimbal r ing .  

Also shown, i n  Figure 2.1.1-2, i s  more de ta i l ed  view o f  the regen- 
e ra t i ve  chamber. 

shown and the fue l  manifold d e t a i l s  are made more c l e a r .  The s t a t i c  and 

dynamic envelopes f o r  :he TRW PFE are shown i n  Figure 2.1 . l -3  and 2.1.1-4 
fo.. a 6' gimbal angle. 

I n  t h i s  view, the d e t a i l s  o f  the coolant  passages are 

The engine approach r e s u l t s  i n  a r e l a t i v e l y  simple engine approach. 
1. ')low-apart o f  the engine i s  shown i n  Figure 2.1.1-5 w i t h  every major 
p a r t  indicated. As contrasted t o  a high pressure, pump fed  engine the 
minimized major p a r t  summary i s  obvious. A complete par ts  l i s t  and 
mater ia ls  summary i s  given i n  Section 2.5. The ove ra l l  to lerance requ i re  
ments are summarized i n  the Design Handbook. 

a; 

't 

t 

\ 

2.1.1.1 Prel iminary Spec i f i ca t ion  f o r  TRW Pressure Fed Engine 

The pre l iminary spec i f i ca t ions  f o r  the TRW candidate PFE are tabulated 
i n  Table 2.1.1 . l -1 .  
fac to rs  which were considered i n  opt imiz ing the PFE approach. 

The fo l low ing  sections sutmarize some o f  the t rade 
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Table 2.1.1.1-1.  Preliminary Specification 
Space Shuttle Booster Pressure Fed Engine 

i a 

I 

Sea Level 
Sea Level 

PARAMETER 

Thrust * 
Steady State Thrust RepeatabTlity * 

Vacuum Thrust Level * 
Vacuum Thrust Level Repeatability * 

Propellants 
. Oxidizer . Fuel 

Mixture Ratio 
Mixture Ratio Tolerance * 
Propellant Utilization Mixture Ratio Variatiorl 
(Allowable Maximum) 
Chamber Presure (Nominal ) 
Nozzle Expansion Ratio 
Interface Pressures (Mi nimum Required] . Oxidizer . Fuel 

Oxidizer 
Fuel 

Propellant Supply Temperatures 

Sea Level Specific Impulse (Nominal) 
Sea Level Specific Impulse (30 minimum) 
Vacuum Specific Impulse (Nominal) 
Vacuum Specific Impul se (30 minimum) 
Throttle Range 

, Pressure . Engine 
T h rot t 1 e Response 

REQUIREMENT 

1.2 x lo6 i u f  
t 36,000 lbf 

1.47 x lo6 l b f  
t 45,000 lbf 

- 36,000 lbf 

- 45,000 Ibf  

LOX 
RP- 1 
2.4 
f 0.048 
f 0.24 

250 psia 
5:l 

360 psia 
380 psia 

-28OOF 
t65'F 
22T.3 lbf sec/lbm 
225.0 lbf sec/lfnn 
276.0 lbf - lbf sec/lbm 
273.3 lbf - lbf sec/lbn! 

To 79% of Enoine Thrust 
< 50 % of Engine Thrust 
1 second (90% o f  Commanded Change) 

F 
i 

Y 

t 
* Defined at nominal condittons 
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Table 2.1.1.1-1. Prel iminary Spec’fication, Space Shut t le  
Booster Presswe Fed Engine (Continued) 

PARARETER 

S ta t i c  Envelope 
. Length (overa l l )  . Length (from Gimbal center l i n e )  . E x i t  Diameter . Head End Radius 

Thrust Vector Contrcl (TVC) System 
TYC Angle 
TVC Slewrate 
TVC Acceleration 
T V C  Bandwidth 
Mission Burn Time 
L i f e  (MBC) 
Startup Time ( t o  90% Pc) 
Startup Overshoot (Pc) 
Startup Overshoot (P: s e t t l  i nq  time) 
Startup Rate [maximum) 
Shutdown Rate 
Minimum Shutdown Time ( to  10% Pc) (Engine 
Capabi 1 i ty) 
Shutdown Impulse Repeatabi l i ty  (Engine Capabi l i ty )  
Side Load Moment 
Slap Down Loads 
Thrust Vector A1 i gnment 
Maximum Outside Surface Temperature 
E lec t r i ca l  Power 

. Startup . Steady State . Shutdown 
Number of S t a r t s  (MBO) 
Propellant F i l t r a t i o n  
Shutdown Mode 
Command Voltage Range 

( Inc lus ive a l l  operations) 

REQUIREMENT 

275 inches 
262 inches 
173 inches 
69 incnes 

Gimbal (baseline) 
2 Eo 
10 deg/sec 

2 3 rad/sec 
8 CPS 
150 seconds 
50 
3 f 0.050 seconds 
25 p s i  
200 ms 
700,000 1 bs/sec maximum 
TBD 
1.0 seconds 

? 40,000 1 b f  /seconds 
Equi va l  cn t  2Gg Latera l  Accelerat ion 
209, TBD Impact Yeloci  ty 
2 . 2 5 O  

300°F 
300 Watts maximum 
200 Watts maximum 
200 Watts maximum 
200 Watts maximm 
100 
2500~  
I n j e c t o r  Face Shutoff 
0-10 v 

. 

\ 
t 
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Table 2.1.1.1-1. Prel iminary Spec i f ica t ion ,  Space Shut t le  
Booster Pressure Fed Engine (Contir ,ed) 

t 

i 
t 

PARAMETER 

Combustion Stabi l i ty  
(100% Overpressure Bomb Recovery - measured 
t u  f 10% nominal Pc) 

. Dry . Wet 

(Measured abou t  engine gimbal) 
. Ixx 

IYY 

. sov 
Throttle Actuator . Gimbal Actuator 

Weight 

Moment o f  Inertia (get)  

Actuation Mechanisms 

SOV Leakage 

Structural Criteria 
Min. Yield F.S. . Min. U l t .  F.S. 

, Proof Pressure Factor . Burst Pressure 
Material Prop, & Design rt?low. 
Fracture Mechanics Criteria 
Dynamic Stabili,ty Requirement 
Failure Criteria 

. Electrical . Mechatiical 

REQUIREYENT 

50 M.S. 

12,000 l b s  
15,500 lbs 

5056 SL FT2 
28835 SL FT2 

Pneumatic - 380 ps ia  
Hydrdulic (Fuel) - 3f.O ps ia  
Hydraulic (Fuel) - ZOO0 p s i a  
10 SCIM GNp @ 380 psis 

MSFC-Handbook - 505 

I. 

MIL-HDBK-5 
Yes 
Yes 

FO/FS 
f/S 

c 
, 
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2.1.1.2 Engine Hydraulics Optimization 

Many o f  the engine component conf igurat ions can be optim-ized by selec- 
t i n g  those conf igurat ions which minimize vehic le  weight. This can be accom- 

p l ished by comparing the e f f e c t  o f  changes i n  component pressure drop and 
component weight on vehic le  weight. 
the PFB are as fo l lows: 

Representative exchange fac to rs  f c ' r  

I } A - s 0.85 f o r  t h i s  vehlc le  

The exchange fac to rs  are a func t ion  o f  vehic le  p rope l lan t  and i n e r t  weight. 
The hydraul ics opt imizat ion has been ca r r i ed  Qut for the  fo l lowing:  

Chamber contract ion r a t i o  
Fuel and ox id i ze r  valve diameter 
Reger! f ue l  supply duct diameter 
Regen tubing 

The resu l t s  are oresented i n  Figures 2.1.1.2-1 t o  -5. The optimum chamber 
c o n t r a c t i m  r a t i o  i s  approximately 2.2. The optimum f u e l  and ox id izer  
valve diameters are 14 and 16 inches, respect ive ly .  The optimum regen 
fue l  duct diameter i s  also approximately 14 inches. The e f f e c t  on diameter 
opt imizat ion using two sets o f  exchange fac to rs  was evaluated f o r  the supply 
duct. the optimum diameter i s  near ly  the same f o r  e i t h e r  s e t  o f  exchange 
factors,  which d i f f e r  considerably. Analysis o f  the  e f f e c t  c i  regen tube 
s ize  on vehic le  weight jndicates t h a t  the optimum hydraul ic  diameter is as 
la rge  as allowed by thermal and stress const ra in ts .  Minimizing regen tube 

F i 
f F 

c 

i 

I 
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Figure 2.1.1.2-1. Chamber C o d r a c t i o n  R a t i c  Optimizat ion 
f o r  TRW PFE 

Figure 2.1.1.2-2. Fuel Valve 3 h m e t e r  Optimizat ion f o r  TRW PFE 
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Figure 2.1.1 .&S. LOX L'&e C'arem Optimizat ion 

I , ' J  I 
.__... "(.I.( C,. -. 

. -) 

Figure 2.1.1.2-4. Optimization o f  Fuel Feed Duct f o r  TRW PFE 
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Figure 2.1.1.2-5. E f f e c t  o f  Regen Tube Size on Vehicle Weight 

pressure drop i s  the dominating f a c t o r  i n  s i z e  op t im iza t ion  o f  the regen 

tubes. 
i n  Section 8.2.1 f o r  the  tubing. 

Complete thermal and hydraul ic  op t im iza t ion  r e s u l t s  are presented 

F b l l  s ide pressure d i s t r i b u t i o n  through the supply duct, to ro id ,  
regen tubes, i n j e c t o r  i n l e t  and i n j e c t i o n  annulus i s  tabulated i n  Figure 

2.1.1.2-6. The pressure budget f o r  the  candidate PFE i s  presented i n  
Figure 2.1.1.2-7. 

2.1 .2 A1 ternate Approach 

A s izable advantage i n  fue l  pressure drop and associated fue l  tank 
system weight and cost  can be o b t a k e d  by combining the regenerative cool- 
ing  p r i n c i p l e  i n  the nozzle and chamber w i t h  other  duct o r  a b l a t i v e  cool ing 
in the i n j e c t o r  dome. This a l t e rna te  approach i s  shown i n  Figure 2.1 2 -1 .  
I t  consists o f  using conventional regenerative cool ing f o r  the nozzle, 

throat,  and combustion chamber wai ls.  The coolant f low i s  co l lec ted  i n  a 
manifold a t  the i n j e c t o r  dome and ducted t o  the i n j e c t o r  manifold. It i s  
then d i s r r i bu ted  and in jec ted  i n t o  the chamber i n  the normal manner. The 
i n j e c t o r  dome i s  l e f t  t o  be cooled by e i t h e r  the duct cool ing concept o r  

s, 
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Figure 2.1.1 .2-6. Fuel Side Pressure D is t r ibut ion  P -3 B 
PFE PRESSURE BUOGET 

REQNERATIVELV COOLF.0 ENGINE 
4 
e 

RP-1 L P d  

3.5 
2.5 
3.1 

69.0 
1.4 

40.0 
12.0 

131 .O 

250.0 
381 
- 

Location Liauid Oxygen AP. psi 

Control Valve 
Regen Inlet Duct 
Rqen Feed Manifold 
Regen Tubes 
Injector Manifold 
Injector Metering Gap 
Stagnation Press Loss 
Total IP 
nozzle Stagnation Pressure (psia) 
Supply Pressure ( p s i a )  

\ , 

3 . 5  - 
- 

14" 011 e.- .72 

LOCATION CF PRESSURE LOSSES 
PSI 

Figure 2.1.1.2-3. PFE Pressure Budget - Regeneratively Cooled 
Engine 
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Figure 2.1 .2-1 A1 ternate PFE Chamber 
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an ab la t i ve  l i n s r .  Since the heat f l u x  i n  the dome i s  q u i t e  low, a sma l l  

quant i t y  o f  p rope l lan t  would be required f o r  duct cool ing 01- an ab la t i ve  
faceplate could be used from 5 t o  10 times before replacement. 

This concept has the advantage o f  reducing the f u e l  AP by Q 10 ps i ,  
r e s u l t i n g  i n  substant ia l  f u e l  tank and feed system weight and cost  savings. 

The concept i s  a lso r e a d i l y  adaptable t o  face shut o f f  o r  a comparable 
shut o f f  scheme t o  keep sea water from enter ing the manifolds o r  the regen 
tube bundle, thereby e l im ina t ing  another unknown t o  be solved dur ing de- 
velopment and considered dur ing refurbishment. 

2.1.3 Thrust  Vector Contmi 

Three methods o f  prov id ing thrust vector cont ro l  were studied i n  depth 
during the PFE study. They consis t  o f  , b j  the chosen candidate, a conven- 
t i o n a l  gimbal r ing,  (2) secondary i n j e c t i o n  u t i l i z i n g  L i q u i d  Oxygen o r  RP-1 

f o r  LITVC, and (3)  a swivel nozzle fea tur ing  use o f  the United Technology 
Corporation's Techro l l  @ seal f l u i d  bearing 

Each o f  these methods o f  t h r u s t  vector con t ro l  i s  presented below 
w i t h  a basic descr ip t ion  and the advantages o f  each. 

2.1.3.1 Head End Gimbal 

A de ta i l ed  approach t o  the head end gimbal r i n g  i s  shown i n  Figure 
2.1.3.1-1. 
spherical bearing p ivo ts .  The spherical bearings are the FAbmid surfaced 
bearings which have c l e a r l y  demonstrated exce l len t  serv ice w i t h  low f r i c t i o n  
over very long l i f e  spans. This approach blends we l l  w i t h  the coaxial 

It incorporates a l a rge  bu t  conventional s t ructured r i n g  wi th 

p i n t l e  i n j e c t o r  a l lowing the use o f  a s ing le  ox id i ze r  bellows located in-  
s ide the  r i n g  on the ax is  o f  the  engine. Two f u e l  bellows are required 
f o r  speculat ion and are  located outside the  r i n g  on the ax is  o f  two 
adjacent p i v o t  points.  The f u e l  l i n e  betwern the bellows i s  f i x e d  t o  
the gimbal r ing .  An external  res t ra in ing  device t o  prevent bellows ex- 
tension due t o  pressure i s  provided f o r  each f u e l  bellows; however, the 
nature o f  the design el iminates the need f o r  added r e s t r a i n t  f o r  the ox i -  
d i ze r  bellows. T1:is feature a lso  provides a b e n e f i t  by reducing s t ruc tu ra l  
loads (engine t h r u s t )  c a r r i p  hv the gimbal and associated s t ruc tu re  by 
near ly 10%. 

U 
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2.1.3.2 Secondary I n j e c t i o n  Manifolding I n t o  PFE 

Duriqg the PFE study program, considerat ion was given t o  how a second- 
ary i n j e c t i o n  system could be manifolded t o  pass the i n j e c t a n t  through the 
primary coolant tube bundle. The r e s u l t s  o f  the e f f o r t  are shown i n  Figure 
2.1.3.2-1. The primary coolant tube bundle i s  i t s e l f  manifolded i n  the 
area o f  the secondary i n j e c t a n t  valves. The e x i t  plane t o  manifold coo1ar;t 
tubes are terminated i n  t h i s  secondary f u e l  manifold which i s  continuous 
c i rcumferent ia l l y  about the nozzle and extends f o r  about four inches long 
the nozzle. Fuel manifold t o  i n j e c t o r  tubes p ick  up the coolant f ue l  a t  
the manifold and then car ry  i t  t o  the i n j e c t o r .  The c i rcumferent ia l  f u e l  

manifold i s  machined on the outsid? t o  accept the secondary i n j e c t i o n  valves. 
Ports through the manifold car ry  the secondary i n j e c t a n t  f low i n t o  the ho t  
gas stream w i t h i n  the nozzle. The continuous manifold approach al lows f o r  
increased nozzle s t i f f e n i n g ,  and it el iminates a troublesome feed passage 
problem f o r  the coolant and the cool ing o f  the SITVC ports.  The d e t a i l s  
o f  the LITVC valv ing are given i n  Section 2.2.4. 

2.1.3.3 Swivel Nozzle 

An approach t o  t h r u s t  vector con t ro l  which shows grea t  promise i s  t o  
p i v o t  on ly  the nozzle about a p o i n t  s l i g h t l y  downstream o f  the  th roa t .  The 
combustion chamber and head end would be f i x e d  t o  the s t ructure.  

Discussions have been held w i t h  United Technology Center regarding the 
use o f  t he  UTC patented Techro l l@ seal f l u i d  bearing f o r  t h i s  appl icat ion.  
Although the  s i z e  o f  bearing required f o r  t h i s  app l i ca t ion  i s  many times 
la rge r  than any y e t  made, the governing engineering requirement, i .e. , u n i t  

loading, temperature, angle o f  def lect ion,  etc., a re  a l l  we17 w i t h i n  
demonstrated l i m i t s  f o r  the device. This app l i ca t i on  i s ,  i n  f ac t ,  f a r  
less severe than already demcnstrated. 

A swivel nozzle using the Techrol l  @sea l  i s  shown i n  Figure 2.1.3.3-1 
and 2.1.3.3-2 f o r  both regenerative and duct cooled chambers w i t h  an abla- 
t i v e  nozzle pivoted on the Techro l l@seal  and actuated by fou r  hydraul ic 
cyl inders.  The s t a t i c  and dynamic envelopes are also' ind icated i n  Figure 
2.1.3.3-1. The head end envelope i s  shown i n  Figure 2.1.3.3-3. The nozzle 
being ablat ive,  i s  consumed and nezds rep lac ing a f t e r  each f l i g h t  and, 
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tnerefore, does not need pro tec t ion  against  water impact. The f l u i d  bear- 
i ng  r e a d i l y  lends i t s e l f  t o  a f rang ib le  j o i n t .  

Th<s approach o f f e r s  the fo l low ing  advantages: 

It el iminates the need f o r  e i t h e r  large, r e l a t i v e l y  high pressure 
bellows or a secondary i n j e c t i o n  manifold combined w i t h  the regen 
cool i ng tube bund1 e. 

The cool ing requirements are subs tan t ia l l y  reduced i n  t h a t  on ly  
the chamber wa l l  s and th roa t  requi re  coolant. 

Using duct cool ing r e d u e s  the requi red fue l  tank pressure on the 
order o f  GO ps i .  

Engine weight i s  reduced by 1500 t o  2000 pounds. 

No increase i n  vehic le  diameter i n  the b o a t t a i l  i s  requi red f o r  a 
boat;ail t o  engine expansior. r a t i o  o f  2. 

Approximately 10,009 pounds o f  nozzle p ro tec t ive  s t ruc tu re  i s  
e l iminaied f o r  each engine. 

The horsepower requirement f o r  g imbal l ing i s  reduced by apprax- 
imatzly 67%. 
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2.1.4 Fixed Geometry In jec to r  

The TRW f i xed  geometry i n jec to r  proposed f o r  the PFE (Figure 2.1.4-1) 
consists o f  a single, cen t ra l l y  located coaxial element and i s  bas ica l ly  a 
geometric scaleup of the coaxial  i n j ec to r  used w i th  the TRGj 35K, 50K and 
250K t e s t  engines. High ve loc i ty  f u e l  from the regen tube bundle i s  d i -  
verged, a t  a 15 degree included angle t o  reduce expansion loss, and turned 
a t  low ve loc i ty  i n t o  a fue l  annulus (0.735 inch gap) where i t  impinges on 

72 r c d i a l l y  in jected LOX streams. The LOX i s  ported cen t ra l l y  through a 
20 inch ID tube, turned by neans o f  a contoured p i n t l e  and in jec ted  through 

36 primary and 36 smaller secondary rectangular o r i f i c e s .  
chamber configuration, C optimization i s  p r imar i l y  a funct ion o f  the LOX 

i n j e c t i o n  o r i f i c e  geometry and the r a t i o  o f  LOX t o  RP-1 o r i f i c e  pressure 
drops, which i s  a measure o f  the in jected propel lant  momentum r a t i o .  A 

60 percent blockage o f  the fue l  sheet by the LOX s lo ts  i s  shown, w i th  the 
secondary LOX s lo ts  se t  back, o r  downstream, from the primary LOX s lots .  
Optimum blockage i s  determined by development and should l i e  w i th in  the 
range o f  50 t o  60 percent. A 50 percent blockage design i s  presented i n  
Figure 2.1.4-2. The p i n t l e  diameter o f  24 inches i s  selected based on 
consideration o f  in te rna l  LOX f l ow  turning loss, LOX i n j e c t i o n  o r i f i c e  
length- to-width , and st ructure weight. 

For a given * 

The i n j e c t o r  incorporates a replaceable f u e l  sleeve which allows 
matching w i th  the machined p i n t l e  diameter dimension t o  reduce rnanufactur- 
ing tolerance requirements. Also, a fue l  sleeve can be selected t o  o f f -  
set  var iat ions i n  regen tube bundle pressure drop (which can reduce engine 
performance var iat ions , Section 3.5). 

The 24 inch diameter p i n t l e  i s  f i l m  cooled by approximately 20 lbs/sec 
o f  LOX f low. Flow control o f  the f i l m  coolant i s  provided by o r i f i c e s  up- 
stream o f  the i n jec t i on  region. Geometry o f  the f i l m  coolant supply i s  
presentdd i n  Section 8.2.5. 

Fuel side manifolding f o r  the duct cooled chamber (Section 2.1.12) i s  
alsc  shown i n  Figure 2.1.4-1. A s ing le fue l  i n l e t  supplies the 14 inch 
diameter toroid,  which d is t r ibu tes  fue l  through a ser ies o f  o r i f i ces  t o  an 
annular plenum. 
o f  tubes. 

Flow t o  the duct is routed from the plenum through a series 

r 
? 
i 
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Figure 2.1.44.  Injectoy-Flxed Geometry, 
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The in jec to rs  a r e  fabr ica ted  from Inco 718 t o  minimize weight. Weight 
o f  the f i x e d  geometry i n j e c t o r  f o r  the regenat ively cooled chamber i s  ca l -  
culated t o  be 660 l bs . 
2.1.5 T h r o t t l i n g  I n j e c t o r  

A prime advantage o f  the TRW c3axial  i n j e c t o r  i s  i t s  a d a p t a b i l i t y  f o r  
t h r o t t l i n g  by i n j e c t i o n  area cont ro l .  The d e t a i l s  o f  a mechanical t h r o t -  
t l i n g  i n j e c t o r  are shown i n  Figure 2.1.5-1. The t h r o t t l i n g  method i s  
s i m i l a r  t o  tha t  used f o r  the LMDE. t h e  fue l  and ox id i ze r  i n j e c t i o n  areas 
are con t ro l l ed  by pos i t i on  o f  a common t h r o t t l e  sleeve. The t h r o t t l e  

sleeve i s  d r iven  by rods which are coupled t o  a -hyd rau l i c  actuator.  
The fue l ,  RP-1, i s  used as the working f l u i d .  The actuator i s  located 

external t o  the i n j e c t o r  t o  elaminate any p o s s i b i l i t y  o f  f reez ing o f  the 

stagnant o r  near stagnant fue l  by the LOX, as could occur i f  the actuator 

were i n teg ra l  w i t h  the t h r o t t l e  sleeve i n  the i n j e c t o r .  
i.e., complete c losure of the i n j e c t i o n  areas f o r  sea water exclusion a t  
splashdown, i s  included i n  the design. To ta l  s t roke o f  the t h r o t t l e  
sleeve i s  2.5 inches. A 2: l  mechanical advantage i s  provided i n  the t h r o t -  
t l e  actuator l inkage, such tha t  the actuator s t roke i s  5.0 inches, t o  reduce 

actuator area requirements and t o  increase pos i t i on ing  accuracy. The t h r o t -  
t l e  concept shown, i s  s u i t a b l e  f o r  a t h r o t t l e  range down t o  25% o f  f u l l  

th rus t .  The LOX s l o t s  are incorporated i n  the moveable sleeve, w i t h  back 
s lo t s  i n  the s ta t ionary  member t o  provide uniform mass d i s t r i b u t i o n .  The 
LOX conf igura t ion  represents t h a t  developed on the LMDE. 

Face shut-of f ;  

The face shuto f f  seal on the fue l  s ide i s  located downstream o f  the 
hypergol ic s lug (TEA) i n j e c t i o n  por ts .  The TEA por ts  are approximately 
0.10 inch diameter and are the smal lest  areas open t o  the chamber. Thus, 

they are the most sens i t i ve  areas for  po ten t i a l  clogging a t  splashdown and 

recovery. The face shuto f f  seal protects  these par ts .  The i g n i t e r  i s  d i s -  
cussed i n  Section 2.1.6. 

A replaceable i n s e r t  i s  provided on the fue l  s ide i!, the movzable 
sleeve. This feature allows adjustment o f  the f u e l  gap area caused by 
tolerance stackup, inc lud ing e c c e n t r i c i t y  and out-of-roundness of the 
mating parts. A t r i m  var iab le  area cont ro l  i s  provided on the fue l  
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side t o  provide a propel lant  u t i l i z a t i o n ,  o r  mix ture r a t i o  contro: func t ion  
caused by supply pressure and/or temperature variat;ons. Add i t iona l l y ,  the 
t r i m  area cont ro l  places a scheduled var iab le  pressure drcp upstream o f  the 
fue l  i n j e c t i o n  o r i f i c e  which i s  used t o  m;lfntain an approximately constant 

ox id izer - fue l  i n j e c t i o n  o r i f i c e  pressure drop r a t i o  ( A f o / A P  .) over the 
t h r o t t l e  range. Character is t ic  v e l o c i t y  performance i s  dependent on t h i s  

pressu-e r a t i o ,  which i s  a measure o f  the i n jec ted  momentum r a t i o .  With- 
out  t h i s  upstream var iab le  area on the f u e l  side, AP,/LP~ would decrease 
from the peak performance value o f  2.5 t o  1.5 a t  70 percent o f  maximum 
thrust .  

The t h r o t t l  i ng i n j e c t o r  incorporates two welded bel  lows t o  separate 
the fue l  from the ox id izer .  Bellows spr ing r a t e  i s  40 t o  60 l b / i n .  The 
c a v i t y  between the bellows i s  e i t h e r  vented overboard o r  f i l l e d  w i t h  i n e r t  
pressurant t o  prevent possible accumulation o f  f u e l  and ox id i ze r  i n  the 
cav i ty .  The bellows are posi t ioned t o  pressure balance the moveable sleeve 
t o  reduce actuator power requirements. 

2.1.6 I g n i t i o n  Concept 

Both launch pad mounted and engine mounted i g n i t i o n  concepts were 

investigated. Launch pad i g n i t e r  ccnceyts included a two-stage, spark 
i g n i t e d  02/RP-1 torch which woulr! bz DLsit ioned along the nozzle center- 
l i n e  wi th the heat source located dt. t h e  nozzle th roa t  plane. Launch 

pad i g n i t e r  concepts were el iminated because o f  the po ten t i a l  f o r  higher 
i g n i t i o n  overpressures which could r e s u l t  from the l a rge r  separation of 
the in jec ted  p:mopellant from the i g n i t i o n  source; the p o s s i b i l i t y  o f  
damage t o  the 0.020 inch t h i c k  regen tubes i f torch mater ia l  were ejected 

toward the t h r u s t  chamber wal ls;  and the more involved sequencing require- 
ments f o r  seven engine i g n i t i o n .  The i g n i t e r  concept selected i s  a TEA 

hypergol ic s lug (Triethylaluninum) because o f  i t s  proven re1iab;l it.y. The 
TEA i s  stored i n  a car t r idge  w i t h  bu rs t  diagrams a t  e i t h e r  etl& which i s  
c losely  coupled t o  the in jector,  Figures, 2.1.6-1 and 2. The ca r t r i dge  o u t l e t  
i s  ported t o  a small volume manifold which supplies twelve 0.1 inch diameter 
o r i f i c e s  spaced around the p i n t l e  (Figures 2.1.4-1 and 2 L 5 - 1 ) .  The 

twelve streams o f  TEA impinge on 12 o f  the 36 primary c x i d i z e r  streams. 
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Thus, the TEA contacts the LOX very c lose t o  the i n j e c t i o n  o r i f i c e  ou t l e t s ,  
minimizing the volume o f  LOX accumulated i n  the  chamber p r i o r  t o  i g n i t i o n .  
The TEA shut-of f  valve, i n teg ra l  w i t h  the car t r idge,  i s  sequenced open a t  
s t a r t  o f  opening o f  the engine LOX valve. The i n l e t  p o r t  o f  the TEA 
ca r t r i dge  i s  supplied w i t h  fue l  from the main f u e l  l i n e  upstream o f  the 
engine fuel valve. The bu rs t  d iscs are actuated by the f u e l  pressure. 
A f t e r  the TEA i s  expelled from the ca r t r i dge  and manifold, f ue l  continues 
t o  f low through the TEA i n j e c t i o n  ports, enter ing i n t o  the mixing and com- 
bust ion process. Tota l  volume o f  the TEA manifolding i s  30 i n  . The TEA 
i s  expel led i n  less  than 1 second. 

3 

2.1 .7 Mass Propert ies 

. ,. . *.-+ .. . 

Detai led weights data as a func t i on  o f  t h r u s t  were generated dur ing 
the PFE study f o r  both the gimballed and LITVC regenerat ively cooled engines. 
I n  addi t ion,  weights data f o r  duct cooled and swivel nozzle conf igurat ions 
were generated f o r  a 1200K thrust engine. These weights data a re  presented 
i n  the fo l low ing  tables. 

Weights data as a fgnc t ion  o f  chamber contract ion r a t i o s  are presented 
i n  Figure 2.1.7-1. 

A sumnary o f  the mass p ~ o p ~  - t i e s  in format ion f o r  1200K t h r u s t  conf ig-  

urat ions i s  presented below: 

Dry 6 1 1  t Wet Moment 
Config. Weight W e  g h t  o f  I n e r t i a  

S t r u c t u r a  1 
(Pound. 1 (Plrunds) About 

Mass - ( S L - F T ~ )  
Gimbal l e d  11,467 14,956 50,600 
L I T V C  11,561 16,175 
Duct 11,123 11,870 
Swivel 11,979 14,268 49,771 

Wet Moment 
o f  I n e r t i a  

o f  
Swiveled 

Mass 

50,600 
J S L - F T ~ )  

2,480 
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The complzte mass ?roperty d e t a i l s  f o r  the candidate PFE are given 
i n  the Mass Propert ies Document. Tables 2.1.7-1 through -4 present the 
mass sumnaries f o r  the various candidatt PFE as a funct ion o f  t h rus t  

size. 

The e f fec ts  o f  having t; strengthen the nozzle t o  with5tand S I T V C  
loads are shown i n  Figure 2.1.7-2. The d e t a i l s  o f  the rzquirements t o  
w i t k t a n d  slope dowr! loads i n  water are presezted i n  Section 8.4. 

2.1.8 Al ternate Configuration Comparison 

During the Phase B f e a s i b i l i t y  design study e f f o r t s  several a l te rna te  
PFE approaches were considered. These concepts were examined from a c r i -  
t i c a l  comparison standpoint as seen t o  a f f e c t  the pressure-fed booster i n  
a major way. The major fac to rs  are the. weight, development problems, 
mechanical complexity and associated cost, and a b i l i t y  t o  survive the 
t o t a l  mission. One o r  more o f  these were considered i n  evaluating the 
f o l  1 owing concepts. 

2.1.9 Aerospi ke 

A b r i e f  i x e s t i g a t i o n  o f  the p o s s i b i l i t y  o f  using the aerospike ad- 
vanced nozzle conf igurat ion was conducted. This e f f o r t  included the geo- 
metr ica l  s i z i n g  o f  s ing le  booster engines as we l l  as 7 engine c lusters .  

Sea leve l  th rus ts  o f  1200 K a t  an expansion r a t i o  o f  5 : l  a d  a P o f  250 
ps ia were used f o r  the 7 efigine c l u s t e r  PFE. A sea l e v e l  t h r u c t  o f  
8400 K t(t an expansion r a t i o  o f  5: l  and a Pc o f  250 ps ia was us& f o r  
the s ing le  engine conf igurat ion.  To obtain the best perfc 
t r i e s  the adiabat ic expansion contours were taken wi th res, 
theore t ica l  l i p  po in t  two dimensional expansion. Ideal  spike contours 
were then generated, and the spikes were truncated a t  Q, 30%. 

?ce geane- 
t o  a 

Figure 2.1.9-1 presents the approach t o  the design o f  the expansion 
contours. The l i n e  0-E i s  the r i g h t  running cha rac te r i s t i c  a t  a selected 
expansion r a t i o  which has the f low f i e l d  v e l o c i t y  vector p a r a l l e l  t o  the 

engine ax is  (zero divergence loss).  The value o f  the angle pe i s  given 
by : 

-1 1 = s i n  - Q  21.7' 
e pe M 
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for  the cases o f  i n te res t  here. The t o t a l  nozzle length i s  determined 
from ue and the nozzle th roa t  requirements. The nozzle throat i s  deter- 

mined approximately from: 

The combustion chamber requirements ara determined from chamber Mach 
nunber l im i ta t ions  and combustion requirements. The resu l t i ng  engine 
sizes are shmn i n  Figure 2.1.9-2. 
base diameter o f  % 50" and 
lengths are % 1/3 o f  the conventional PFE. However, the engine s t a t i c  
envelopes exceed those o f  the conventional PFE. As a resu l t ,  the 
aerospike configuration w i l l  not diminish the boat t a i l  diameter prob- 
lem. Figure 2.1.9-3 shows the geometrical diametral requirements i n  
the booster. The 7 engine c lus te r  requires a boat t a i l  diameter o f  
5 5 4  vs. 548* f o r  the conventionttl PFE. The s ing le aerospike engine 
has an overa l l  diameter o f  475". 

;he 30% t runcat ion resu l ts  i n  a 
130" f o r  the two engines. The overa l l  

The estimated engine weights are given i n  Table 2.1.9-1 f o r  the 
engine arrangement as i l l us t ra ted .  The wet weights o f  these engines 
exceed the PFE weights by an excessive amount. A stage exchange fac to r  
o f  % 5 l bs / l b  o f  engine weight would r e s u l t  i n  a stage penalty o f  
425,000 lbs. The improbed average CF o f  the spike nozzle cannot t o t a l l y  
o f f s e t  t h i s  e f fect .  

I n  addition, the base area musc Be cooled. A gas generator 
energy source f o r  the pressurization system may be u t i l i z e d  through the 
base f o r  cooling as well as performance purposes. Unfortunately, an 
optimized pressure fed booster u t i  1 izes tank pressure blow down during 
the l a s t  pa r t  of the mission, and no gas generator exhaust products. 
would be a v ? V M e  Juring t h i s  pa r t  o f  the mission fw  protect ion o f  
the base area. 

Tne weig!-.t, '-. x i n g ,  and stage ef fects ,  a l l  being negative 
tsulted i n  t h i s  concept not being tu r the r  con- when compared - ' 
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2.1.10 Radial I n j e c t o r  Inves t iga t ion  

A t  the request o f  NASA MSFC a b r i e f  review was made o f  the French 
Valois engine concept w i t h  the r a d i a l  in - f low i n j e c t o r .  
the i n j e c t i o n  i s  r a d i a l l y  inward. The concept was developed f o r  s torable 
propellants. I t s  h i s t o r y  has been one o f  d i f f i c u l t  development w i t h  corn- 
bust ion dr iven acoustic i n s t a b i l i t y  and chamber head end thermal burnout 
problems. The i n j e c t i o n  i s  a t  the most sens i t i ve  zone i n  the engine t o  
1T type modes. A disturbance w i l l  always propagate towards the prope l lan t  

supply. As a r e s u l t  the i n j e c t o r  and head end zones w i l l  be suscept ib le 
to damage and the design w i l l  susta in  a combustion disturbance. I n  order 
t o  s t a b i l i z e  the u n i t  i t  i s  necessary t h a t  the i n jec ted  prope l lan t  streams 
be coarse enough they they penetrate i n t o  the chamber and tu rn  a x i a l l y  i n  
non-sensitive zones ( s i m i l a r  t o  the TRW i n j e c t o r ) .  Figure 2.1.10-1 shows 
the Valois engine s t a b i l i t y  l i m i t s  as a func t ion  o f  mix ture r a t i o  and 
operating pressure. The conclusions derived from these experimental data 
are: 

In t h i s  concept 

1) Radial penetrat ion towards the i nsens i t i ve  zone i s  
q u i t e  important. 

2) S tab i l i ' r y  i s  achieved when PINJ/Pc i s  h igh enough 
t o  favor  t h i s  t o  occur. 

This means that as the chamber i s  scaled up the i n j e c t i o n  must become 
more coarse, Figure 2.1 .lo-2. 
f i r s t .  As a gas i t  w i l l  t u rn  down the chamber f i r s t ,  leav ing an ox id i ze r  
r i c h  outer  zone and a f u e l  r i c h  inner  zone. 

I n  the L02/RP-1 system the LO2 w i l l  vaporize 

The o r i f i c e  patterns tend to  be s i m i l a r  t o  a conventional engine. 
The s t ruc tu re  has a g rea t  deal o f  machining t o  i t  and i s ,  therefore, cos t ly .  
(Number o f  o r i f i c e s  s i m i l a r  t o  F-2). The weight o f  the i n j e c t o r  i s  3500 l b s  
versus 660 l b s  f o r  the TRh! coaxial  i n j e c t o r  approach. 

A1 though the French, i n  small ergines, have been able t o  cool t h e i r  
head end assemblies w i th  cool head end gases, i t  i s  q u i t e  l i k e l y  here t h a t  
the head end would requi re ac t i ve  cool ing. 

No p a r t i c u l a r  advantage i s  t o  be had i n  attempting t o  reduce the i n jec -  
t o r  chamber diameter, since a resu l tan t  stagnation pressure loss w i l l  occur. 
A 1 ps i  Po loss i s  worth 4500 t o  7200 lbs/ps i  i n  the pressure ifsd booster . 
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Figure 2.1 . lo-3 i l l u s t r a t e s  the i n jec t i on ,  combustfon and f low re -  
c i r c u l a t i o n  p a t t o w .  Also, ind icated are the approximate scal ing r a t i o s  

f o r  the engine as scaled from the Diamout vehicle. 

The general conclusions drawn from t h i s  inves t iga t ion  are as fo l lows:  

Radial i n j e c t i o n  concept promotes acoustical mode o f  
combusion i n s t a b i l i t y  - transverse modes dominate. 

Oxidizer r i c h  outer zones would occur w i t h  LOX/RP-l 
because o f  r a p i d  vapor izat ion o f  LOX. 

Coarse i n j e c t i u n  streams needed t o  d r i v e  prope l lan t  t o  
center regions o f  chamber as engine s ize increases. 
(Center zone l e a s t  sens i t ive.  ) 

tlead end coolant required. 

Manufacturing cos t  greater than coaxial  i n j e c t o r .  
. 

Large degree o f  empiricism required t o  develop the  concept 
a t  the 1200K l e v e l  

2.1.11 F1 u i d  Bearing Gimbal Nozzl e 

An approach t o  t h r u s t  vector cont ro l  which shows grea t  promise i s  t o  
p i v o t  only the  nozzle about a p o i n t  s l i g h t l y  downstream o f  the throat .  The 
combustion chamber and head end are  f i x e d  t o  the  s t ructure.  The concept 
i s  shown i n  Figure 2.1.11-1 f o r  a regenerat ively cooled engine. Figure 
2.1.11-2 shows the f i x e d  p a r t  o f  an i n s t a l l a t i o n  regenerat ively cooled 

by a double pass t c  an a:ea r a t i o  o f  1.5:l. The swivel nozzle p o i n t  
occurs a t  t h i s  expansfon r ~ l ~ o .  The swivel nozzle i t s e l f  is ab la t i ve  and i s  
pivoted i n  the seal nnrt Pcha tcd -by  hydraul ic  cyl inders.  The nozzle, being 
ablat ive,  i s  consumed .me Reeds replacing a f t e r  each f l i g h t  as sbch i t  re- 
quires no pro tec t ion  agdinst  water ent ry  e f fec ts .  The f l u i d  bearing lends 
i t s e l f  read i l y  t o  a f rang ib le  j o i n t .  

Discussions have been held w i t h  United Technology Center regarding the 
use o f  the UTC patented Techro l l@seal  f l u i d  bearing f o r  t h i s  appl icat ion.  
Although the s i ze  o f  bearing required f o r  t h i s  app l i ca t ion  i s  many times 
la rge r  than any y e t  made, the governing engineering requirement, i .e. , u n i t  
loading, temperature, angle o f  def lect ion,  e tc .  , are a l l  we l l  w i t h i n  demon- 
s t ra ted  l i m i t s  f o r  the device. This app l i ca t ion  i s ,  i n  fac t ,  f a r  less severe 
than a1 ready demonstrated 

I 
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1 

C.. This approach o f f e r s  the fo l low ing  advantages: 

0 It el iminates the need f o r  e i t h e r  large, r e l a t i v e l y  high pressure 
main propel lant  supply bellows, and/or a secondary i n j e c t i o n  mani- 
f o l d  combined w i th  the regen cool ing tube bundle. 

0 Engine weight i s  reduced by 1500 t o  2000 pounds. 
e No increase i n  veh ic le  diameter i n  the b o a t t a i l  i s  required f o r  a 

boa t ta i l  t o  engine expansion r a t i o  o f  2. 
0 Approximately 10,000 pounds o f  nozzle p ro tec t i ve  s t ruc tu re  i s  

e l  i m i  nated f o r  each engine. 

e The horsepower requirement f o r  g imbal l ing i s  reduced by approxim- 
a t e l y  67%. 

0 I f used w i th  a duct cooled w a l l  the duct f i l m  coolant requirements 
are subs tan t i a l l y  reduced. 

2.1.12 Duct Cooled Engine 

The TRW duct cool ing concept f o r  the PFE i s  shown i n  Figure 2.1.12-1. 
I n  t h i s  concept a p o r t i o n  o f  the fue l  i s  bypassed around the i n j e c t o r  and 
passes through a cool ing pro tec t ion  jacke t  for the combustion chamber. This 
l a t t e r  sect ion serves as a vaporizer and the f u e l  vapor pours from the 
jacke t  t o  p ro tec t  the nozzle. The vapor acts as an adiabat ic  i n s u l a t i n g  
f i l m  on the nozzle t o  the e x i t .  

The concept has been demonstrated i n  small engine hardware t o  h igh 
area r a t i o s  w i t h  H2/02, H2/F2, C3H8/F2/02, N204/N2H4, e tc .  
been demonstrated i n  an engine l a rge r  than 3,000 l b f .  However, i f  the 
design ana ly t i ca l  procedures are cn firm ground the r e s u l t s  would i nd i ca te  
the concept t o  be v iab le.  A cost ing analysis also ind icates the concept 
t o  be the l e a s t  expensive. This occurs because o f  the- ove ra l l  s i m p l i c i t y  
o f  the concept. 
involved i n  the concept. 

I t  has never 

Section 8.2.3 gives a summary o f  the design procedures 

2.1.13 A f f e c t  o f  In jec t ion /Thrus t  Chamber Select ion 

c 

5 

2, t 

The TRW PFE u t i l i z e s  a s ing le  pass cool ing approach. A t  f i r s t  glance 
i t  might appear t h a t  the u;e o f  a two pass cool ing scheme would r e s u l t  i n  
a more optimal PFE. However, a tote:  system i n t e r a c t i o n  analysis reveals 
t h a t  t h i s  i s  no t  the case. I n  addi t ion,  the higher AP requirements i n  the 
coaxial i n j e c t o r  would appear t o  be adverse. A de ta i l ed  analysis was con- 
ducted t o  determine the nature o f  these e f fec ts .  

R 

F 
!: ..l* 
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The a f f e c t  on vehic le  weight o f  three d i f f e r e n t  types o f  i n j e c t o r s  

i s  compared i n  Figure 2.1.13-1. 
f l a t  face, and r a d i a l  types. 
i n  chamber length associated w i t h  the d i f f e r e n t  i n jec to rs .  Addi t ional ly ,  
two pass regenerative cool ing o f  the chamber i s  assumed w i t h  the f l a t  
face and rad ia l  in jec to rs .  The a f f e c t  on vehic le  weight i s  presented f o r  
two d i f f e r e n t  sets o f  exchange factors .  The r e s u l t s  o f  the analysis in-  

d ica te  t h a t  the coaxial i n jec to r ,  even w i th  a longer chamber length and 
higher LOX supply pressure requirements, w i l l  r e s u l t  i n  the l i g h t e s t  
vehic le  weight because o f  the low weight o f  the coaxial i n j e c t o r  and the 
low AP o f  the s ing le  pass cool ing concept. 

The i r l jectors compared are the coaxial,  
Included i n  the comparison are di f ferences 

E 

l 
b 
c 

f 
li 
i 
? 

i 
? 
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FLAT FACE RADIAL COAXIAL 

SIPGLE ENGINE WEIGHTS, LBS 

INJECTOR TYPE COAXIAL FLAT FACE RADIAL INJECT!ON 

DRY 11,467 14,607 13,229 

WET 14,956 16,864 15,5C7 

ChANGE I N  POUNDS I N  BOOSTER WEIGHT AS A FUNCTION OF: 

INJECTOR TYPE COAXIAL FLAT FACE RADIAL INJECTION 

P r o p e l l a n t  load ing  r a t i o  X = .85 x = .89 (2) = .85 X = .89 

Engine weiaht Basel i n e  160,000 66,800 46,300 19,300 
- .--- - -. - -  _ _ _  --._ -_--.__ -_-_ -- - 

-44.300 Nominal encine (1 )  Basel i n e  0 -44,350 0 
pressure drops 

TOTAL EFFECT 

A d d i t i o n  o f  10 p s i  to  
nominal engine pressure 
drops t o  f l a t  face and 
r a d i  a1 i n j e c t o r s  

TOTAL EFFECT 304,000 67,800 

--_--. .-e--.- - -- -c. -- .- P.. -- ~. . ._ -4 - - -_-___ 
160.000 22,500 46,300 

- ._-____ ~ - . ~ . - * -  . .-.__-_ ._ - .. -_--.-.  - .  ..-- __r_ 

Basel i n e  144,000 45,300 144,000 

- - - - -  - -  .-.-. ._^ _-- -- . --  -. - -. --- - I - - . 

1 90,300 
_.___-. 3 _,.e- --. ---.--.I--. 

a . 
- 

-25,000 . . . -. . - . 

45,300 

..-= - 20,300 - 

. - -  
! 

\ -  . (!LA- _. - -- .. , EXCHANGE RATIOS i (1) NOMINAL PRESSURE DROPS 

-. -- __ - I- - 
_- __- - -I- .. 

INJECTOR i FUEL OXIDIZER [REGENERATIVE j 
i TYPE j INJECTOR INJECTOR j JACKET 1 

I COAXIAL / 40 90 60 I A ( tank t prope l  w t )  ' 12 5 

- i l =  .85 A = .89 
.c- - ._. - - _ _  . . - . 

DROP, P S I  DROP, P S I  DROP, P S I  
! 1-4 --.----- --..-.- c - 

I 

FLAT FACE i 50 50 50 I A ( a l l  enoine wts) ! RADIAL ' 50 50 50 A ( tank + propel  w t )  i , L o x  2825 1 
I 7200 4 I 

I 1 A (pressure drop) I ' RP 1715 
I 

- .- 

Figure 2.1.13-1. Engine Type Weight Comparison 
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2.2  Valves 

2.2.1 Main Valve Comparisons 

, 

r 

a \  
I {- 

A t  the outset of the study effort potential va lv ing  techniques 
adaptable t o  large engines were evaluated. Comparisons were made betweerl 
butterfly, ball o r  visor, and poppet valve designs as illustrated i n  Figu-e 
2.2-1. Parametric comparisons of relative weight and envelope versus 
pressure drop for the different approaches were made over the expected 
size range. This data i s  represented i n  Figures 2.2-2 t h r u  2.2-6. P. key 

relationship o f  presswe drop versus weight i s  presented i n  Figure 2.2-6. 
The butterfly weight i s  significantly lower than any of the other config- 
urations. The envelope also i s  very favorable allowing a great deal o f  
instal 1 a t ion  f l  exi b'l i t y  by u t i  1 i zing the "wafer" configuration invol v ing  
a very short duct length between flanges. Based on these advantages the 
butterfly (wafer) configuration was selected. 

From a cost standpoint the configuration i s  also favorable. A t  
present a nuher of manufacturers are offering industrial  valves o f  
comparsble size and for even greater pressure ratings a t  relatively low 
industrial prices. These valves w i t h  some degree of weight reduction 
offer the potential f o r  direct application t o  the booster engine require- 
ment. They also offer an imnediate usable component for use i n  workhorse 
engine development testing. 

A brief evaluation was made t o  determine the relative weight of 
multiple parallel valves as compared t o  a single valve for each propellant. 
The results applicable t o  large valves only and based on valve weight alone 
are presented In Figures 2.2-7 and 2.2-8. The results reflecting the 
relationship between the dominant scalfng factors for por t  area (port 
diameter squared) and envelope or weight (port diameter cubed) indicates 
t h a t  two smaller valves provide a weight and envelope reduction comparable 
t o  a single larger valve. However, further increase i n  the number of 
valves provides almost no addi t ional  advantage. The need for  d u c t  mani- 
fo ld ing  and other addi t iona l  complexity offsets the apparent advantage. 
Also t o  the degree the valves cannot be considered redundant, as 
determined by the effects o f  increase i n  pressure drop on engine 
operation, a decrease i n  reliability will be incurred w i t h  multiple valves. 
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Figure 2.2-2. Flow Coef f i c ien t  Cv vs. Valve Diameter 

2-79 



30 

20 

m w 

H - 10 

2 

WEIGHT - LBS 

FigurG 2.2-3. Valve Diameter vs.  Valve Weight 

I 2.0 4.0 10 2c 40 100 20@ 
A PSlD 

Figure 2.2-4. Valve Length vs .  Pressure Drop 

3 

i 

k c 

2-80 



c 

0 

2-81 



w z 
c- r 
w 

e 

0. n 
c 

\D 
0 

X 

N 
X 

.- 

c 

8 
L 

t 

2-82 

. , * ?  

0 
0 
L n 

i 
* 

P 
P 

f 
. 
. 

cu 
a L 
3 
0, 

L L  
.r 

. 

' I  



b 1 . 2  s I O  i t ) r  EXCISE I 
40 

I 

x 

. 

- _  
- .  
c 

1 

0 '  I 
I 

1 2 3 4 

NUMBER OF VALVES 

Figure 2.2-7. Val ve Length vs . Mu1 ti p l  e Val ves 

7 - POPPET VALVES (IN LINE) 

I 

BALL VALVES 

I 1 
BASIS: 

VALVE CONFIGURATIONS TABLE 
NO CONNECTING DUCT MANIFOLDING 
OR MOUNTING PROVISIONS INCLUDED. 

1 1 100 
1 

Figure 2.2-8. 

2 3 
NUMBER OF VALVES 

Total Valve Weight vs.  Mul t ip le  Vdlves 

4 

e 

a 

1 
1; 

- 

2-83 

. p' , 



I f  mu l t i p le  valves provide an engtne system advantage f o r  envelope o r  
propel lant  d i s t r f b u t t o n  they can be considered wi thout  a weight penal ty 
bu t  a s ing le valve f o r  each propel lant  i s  the reconmended approach. 

2.2.2 Selected Main Valve Character is t ics  

A b u t t e r f l y  valve nanufactured by Posiseal In ternat ional  Inc.  was 
selected f o r  de ta i led  design evaluation. Walve proport ions have been 
predicated on a trimmed down verslon o f  the i n d u s t r i a l  design and the 
actuators have been sized based on torque data suppl ied by the vendor. 
Propel lant  valve data f o r  the design i s  provided i n  Table 2.2-1 f o r  valves 
o f  s i m i l a r  s ize  range. Torque estimates are given i n  Figure 2.2-9. A 
comparison o f  t h i s  valve w i t h  the e x i s t i n g  17" v i s o r  valve developed f o r  
Aerospace appl icat ions i s  shown i n  Table 2.2-2. 

Valve p o r t  s izes o f  16" (LOX) and 14" (RP-1) have been selected 
based on engine design and system weight t rade-of f  studies. A f l i g h t  
scaled i n s t a l l a t i o n  i s  shown i n  the drawing Figure 2-2-10. Prel iminary 
data indicates the Posiscal design can meet the speci f ied 

requirements o f  the system. The valve leak r a t e  o f  10 SCIM GN2 i s  
a t ta inable w i t h  minimum development. L i f e  data f o r  a 24" valve i n  LN2 
cryogenic duty indicates a l i f e  o f  750 cycles was atta-iced wi thout  
excessive leakage. Experience presented by the vendor i s  provided i n  
Table 2.2-3. 

The i n d u s t r i a l  version o f  the valve, Figure 2.2-11 u t i l i z e s  p l a i n  
sleeve t run ion bearings and a body retained b u t t e r f l y  seal u t i l i z i n g  a 
contact i rg  wear r i n g  backed up by a f l e x i b l e  loading device. An 
elastomer r i n g  i s  used i n  the normal temperature app l i ca t ion  and a metal 
spr ing member f o r  cryogenic use. A Kel F wear r i n g  i s  proposed f o r  both 
LOX and RP-1 appl i c a t b n s .  

For the i n d u s t r i a l  version o f  the valve the peak torque requirement 
occurs on going i n  o r  out o f  the seal. Both seal and bearing torques 
a t  maximum pressure d i f f e r e n t i a l  are sustafned. These f r i c t i o n  torque 
values f a r  over' shadow the hydraul ic  unbalanced torque t y p i c a l l y  
experienced a t  the 70 degrees open region o f  operation. The peak torque 
a t  the closed end o f  the stroke a t  cryogenic temperature s izes the 
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'-FUEL SHUTOFF VALVE I 

I VALVE ACTUATOR SUPPLY 

3 



F U U  LINE ROTATED INTO “LANE O f  PAPER T- 

\ 
VALVE ACTUATOR SUPPLY 

Figure 2.2-10. Propellant Shutoff 
Valve Installation 
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actuator for the oxidizer side. Based on a potential need f o r  a greater 
torque t o  facil i tate t i m i n g  of the fuel valve arid potential lower cast 
of common parts, identical actuators are assumed for both  appliciiions. 

The area w h i c h  will ultimately require optimization for  f l i g h t  
application will be the butterfly seal function as related t o  leakage, 
1 ife and operating torque. 

Actuati na Methods 

In evaluating potential actuating methods pneumatic and hydraulic 
approaches have been considered. A comparison i s  provided In Table 2.2-4. 
A simple crank linkage i s  asshined for each of the act?rators us ing  ro l l i ng  
element bearings a t  the p i v o t  points. A closing s p r i n g  i s  provided t o  
hold the valves i n  a normally closed posit ion.  A double acting actuator 
is assumed using pressure for actuation i n  both  directions and a 4-way 
p i l o t  valve. This approach i s  required t o  provide positive sealing w i t h  
the h i g h  seal and bearing torques predi-ted. 
urations flow control valves are located i n  the cylinder operatirj lines. 
A six inch w i n k  arm and an eight inch stroke are included i n  the design. 
The actuating piston farce i s  on the crder o f  5000 lbs. Solenoid power 
will b2 between 30 md 60 watts. 

Fsr the hydraulic config- 

I 

I 

I 

C’ 

Low Pressure Hydraul i c  Actuators 

As a base1 ine approach law pressure hydraulic actuation u t i l i z i n g  
fuel a t  t a n k  pressure i s  assumed. The actuators showti i n  Figure 
are sized t o  a 380 psia source. The method provides a power source of 
large capacity. Vent flow cat? simply be overboarded i n t o  the engine skirt .  
Figure 2.2-12 provides a schematic o f  the overal’ engine valve system. 

The approach allows for  strbightforward design inasmuch as cur- 
rently available hydraultc cyltnder and p i l o t  valve configuratims can 
be utilized requfrtng no new .ievel?nver,t o f  seals and mechanismP 

A relattvely lerge ptlot v a h  (1/2 fnch port)  i s  required t o  
achieve the spectfted operattng ttmes and t o  allow for a degree of 
Plow control for ttming purposes. A s ~ ~ c d  valve w i  11 be required 
t o  make possible operation w i t h  a small p i l o t  solenoid. 
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F igure 2.2-1 2. Engine Hydraul i c Schematic 
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High Pressure Hydraul ic Actuators 

i 
* 
? 

i 
5 

The actuat in,  cy l inder  s ize can be much reduced and a s ing le stage 
p i l o t  valve p o t e n t i a l l y  used by use o f  h igh pressure hydraul ic  actuators 
(3000 p s i j .  Advantages are t h a t  valve mounting i s  f a c i l i t a t e d  by the 
smaller s ize and t iming contro l  i s  sSmpler t o  achieve. The e f f e c t  o f  
seal f r i c t i o n  torque var ia t ions are minimized due t o  high force margins 
and the - + .050 second opening response time repea tab i l i t y  i s  more e a s i l y  
achievable. Standard high pressure hydraul ic  components can be used by 
s imp l i f y ing  development o f  the system. 

The pressure source w i l l  be dependent 3n a v a i l a t l e  sources. I f  
standard pump supplied hydraul ic  pressure i s  avai lab le t h i s  un- 
doubtedly would be the des i rab le source. Fuel can be u t i l i z e a  by increas- 
i n g  the pressure using 3 low pressure operated booster as shown schemat- 
i c a l l y  i n  Figure 2 L-13. Fuel a t  tack pressure i s  appl izd t o  a large 
diameter double d t m g  cy l inder  which then dr ives a small cy l inder  
increasing the pressure essent ia l l y '  by the r a t i o  o f  p i s ton  areas. 
can be b u i l t  i n  and mechanically actuated. Devices o f  t h i s  type are 
ctimmercial l y  cvai lab le f a r  f ndus t r i a l  appl icat ions.  

Valving 

Pneumatic Actuat-i'on 

Lc tua t i  on u t i  1 i zing n i t rogen gas from the tank pressur izat ion 
regulated supply i s  a po ten t ia l  actuat ing source. A d i r e c t  solenoid 
actuated p i i o t  valve can be used. The gas can be vented d i r e c t l y  a t  the 
valve necess i ta t ing no addi t ional  p ip ing. An over r id ing  disadvantage o f  
pneumatics i s  i n  achieving accurate valve t tming w i t h  po ten t i a l  va r ia t i on  
i n  operating torque. I f  the predic ted valve seal torques arc! reduced o r  
i f  a nonl inear d r i ve  mechanisrr 4s u t l l i z e d  the pneumatic approach could 
be a t t rac t i ve .  

- Actuator Timins Considerations 

Achfevement o f  the desired engine s t a r t  and shutdown t h i n g  o f  
3 - + 0.050 sec. w i l l  requi re  very accurate contro l  o f  valve actuat ing 
times. L im i t i ng  the v a r i a b i l i t y  o f  actuat ion r a t e  with p o t e n t i a l l y  la rge  
var iat ions i n  seal f r i c t i o n  w i l l  make necessary an accurate evaluat ion o f  
valve torques. The actuat ing method selected w i l l  be i n f  iuenced by the 
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torque range and pat tern t h a t  must be control led.  

For the Posiseal i n d u s t r i a l  valve assumed as a basel ine conf ia-  
urat ion,  seal ing and bearing torque i n  the closed pos i t ion  are subject  
t o  var ia t ions up t o  2.5 t o  1 w i t h  temperature change from normal t o  
cryogenic. €n addi t ion operat ing torque w i t h  no upstrezm pressure w i l l  
be much lower than when pressure loaded. I n  normal operat ion propel lant  
f low torques w i  I 1 remain w i t h i n  l i m i t e d  bounds. However, f o r  ground 
checkout great  var ia t ions  w i l l  occur. 

High pressure Rydraul t c  actuators provide the most s t ra igh t -  
forward method o f  actuat ion r a t e  control .  By prov id ing ample torque 
margins f o r  actuators and u t i l i z j n g  f low cont ro l  va lv ing i n  the cy l inder  
l i n e s  the a f fec ts  o f  torque va r ia t i on  can be minimized. By special  
ca l i b ra t i on  the valve s t rok2 va r ia t i on  can p o t e n t i a l l y  be con t ro l l ed  t o  
w i t h i n  - + 2% w i th  a var iab le under system condi t ions o f  less than - + 1%. 

Startup t iming w i l l  be cont ro l led  by the ox id izer  and f u e l  i g n i t e r  
valves which contro l  combustion i n i t i a t i o n .  The t ime t o  90% t h r u s t  
and t h r u s t  bui ldup r a t e  are both regulaixd by the valve opening ra te .  
Ir! the shutdown operat ion the ox id izer  valve c los ing t ime contro ls  the 
main por t ion  o f  the process w i t h  the t a i l - o f f  cha rac te r i s t i c  o f  the 
engine establ ish ing t o t a l  t h r u s t  termination. 

Achievement o f  the s t a r t  and shutdown t im ing  w i l l  depend p r imar i l y  
on systematic c a l i b r a t i o n  o f  the valves under engine t e s t  operation. 
Actuator t iming o r i f i c e s  o r  f l o w  contro l  valves can be trimmed GO achieve 
the desired resu l t .  
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Prouel l a n t  Valve Mechanical I n te r l ock  

The c r i t i c a l i t y  o f  insur ing the ox id izer- fue l  sequencing on both 
s t a r t  and shutdown ind icates a n igh ly  r e l i a b l e  safety  i n t e r l o c k  mechanism 
should be provided. The approach selected i s  t o  provide a mechanical 
l i n k i n g  between the valves which w i l l  back -4p the e l e c t r i c a l  operation. 

The mechanism i s  shown schematical ly i n  F i g w e  2.2.12. 

F n c e  an ox id izer  lead i s  requi red f o r  mth s t a r t  and shutdown a 
simple mechanism can be designed f o r  i n te r l ock ing  o f  the f u e l  valve based 
on pos i t ion  o f  the ox id izer  valve. It i s  proposed a s ing le  mechanical 
l i n k i n g  member be pos i t ioned by the ox id izer  valve b u t t e r f l y  l inkage i n  
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I 
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the actdator.  This l i n k  i s  connected t o  the fue l  valve p i l o t  valve. 
For a s t a r t  i t  i s  designed i n  such a way as t o  block motion o f  the p i l o t  
valve u n t i l  the ox id i ze r  b u t t e r f l y  reaches a predetermined pos i t ion .  
The fue l  valve p i l o t  i s  then blacked i n  the valve open p o s i t i o n  u n t i l  
the ox id i ze r  valve p a r t i a l l y  closes dur ing shutdown. 

The tnterconnecttng l t n k  can take the form o f  a simple pushrod 
i f  de f lec t i on  between the ox id l ze r  and fue l  valve i s  s u f f i c i e n t l y  s m a l l  
and over- t ravel  tolerance can be b u i l t  i n  the mechanism. Other 
approaches are t o  use a r o t a r y  l tnkage o r  a f l e x  cable t o  e l im ina te  the 
e f fec ts  o f  de f lec t ton  between the valves. 

2.2.3 Head SuDbressian Valves 

I n  order t o  maximize t h r o t t l  i n s  and prope l lan t  u t i 1  i z a t i o n  
performance the e f f e c t s  o f  var iab le  head pressures may have t o  be 
accounted f o r .  The best approach to t h i s  requirement would be the use 
o f  a passive valve as shown conceptual ly i n  Figure 2.2-14. The modified 
b ' t e r f l y  valve which i s  shown operates over a 40 t o  90 degree range 
i n  order to provide the pressure drop schedule. The p o s i t i o n  o f  the 
b u t t e r f l y  i s  con t ro l l ed  by applying the upstream duct pressure against  
fin evacuated bellows sealed p i s ton  and a ca l i b ra ted  spring. The r e s u l t -  
i n g  pressure fo rce  p lus  the b u t t e r f l y  unbalanced fo rce  p o s i t i o n  the 
b u t t e r f l y  through the l i nked  assembly. 
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1 I 2.2.4 Actuators 

Hydraulic actuators have been selected for a l l  valve control 
operations. The previously described shutoff valves will use RP-1 
a t  h i g h  pressure for opening and closing power. The gimbal ,  t h r o t t l i n g  
and propellant u t i l i za t ion  mect.,nisms will also be powered by RP-1 
actuators as described below. 

2.2.4.1 Gimbal Actuators 

A parametric s tudy was conducted t o  establish the actuator require- 
ments for the gimballed engine (2 ax is )  and hinged engine (1 axis). 
Figure 2.2-15 shows the effective p is ton  areas as a function of thrust 
level and acceleration requirements. The corresponding power and servo- 
valve flowrates are presented i n  Figure 2.2-16. The gimbal actuators 
for a 1.2 x 10 l b f  pressure fed engine are similar t o  those used on the 
SIC based on a 3 radlsec. 
deflection These actuators have therefore been base1 ined as the primary 
approach. The use o f  mechanical feedback provides a highly reliable 
control. A measured electrical feedback is  recommended only i f  the 
accuracy requirements become tighter t h a n  - + 5%. 

6 
2 acceleration, 10 deg/sec. slewrate and - + 6" 

- 

2.2.4.2 Throttle and Propellant Utilization Actuators 

Both mechanical t h r o t t l i n g  and mixture r a t i o  trim for propellant 
u t i l i z a t i o n  will be accomplish2d w i t h i n  the TRW coaxial injector element. 
The actuators will be externally mounted and linked t o  the injector 
sleeve through a 2 1  mechanical lever. The actuators will both  be double 
acting w i t h  three-position, 4-way pilot valves operating w i t h  RP-1 a t  
380 psia line pressure. Maximum piston sizes of 5 in.' are required and 
currently avai 1 ab1 e actuators w i  1 1 be readily adaptabl e to  these appl  i - 
cations. All power functions will therefore be hydraulically supplied 
and aircraft design techniques used to  provide re1 iable operation. 
Redundant p i l o t  valves will be provided, for example w i t h  m i n i m u m  
addi t iona l  cost or complexity. Control will be provLed by poci t ion  
feedback and simple on-off pilot valve regulation w i t h i n  the necessary 
accuracy load. 
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2.2.5 LITVC Valves 

The LITVC performance analysis inc lud ing a comparison o f  various 
in jec tan ts  and i n j e c t i o n  techniques i s  presented i n  Section 8.5. 
r e s u l t  o f  these studies the use o f  RP-1 was recommended due t o  the 
rninimum complexity and therefoi-e highest system r e l i a b i l i t y  and the 
lowest system development r i s k .  n summary o f  the s ide ,pecif ic impulse 
versus th rus t  vector angle i s  presented i n  Figure 2.2-17 f o r  a 5 : l  nozzle. 
The performance ca lcu lat ions are based on n u l  t i p l e  o r i f i c e  i n j e c t i o n  a t  
an expansion r a t i o  o f  about 3: l .  The r e s d t i n g  i n j e c t a n t  weights and 
volumes per engine are presented i n  Figures 2.2-18 and -19 as a f u x t i o n  o f  
t o t a l  ax ia l  impulse and a 1" average de f l ec t i on  angle. The r e s u l t i n g  
duct and manifold sizes as a funct ion g f  t h rus t  level  are presented i n  
Figure 2.2-20. 
1.2 x 10 l b f  f o r  5" maximum angle. The RP-1 f lowrate a t  6' i s  a lso 
indicated. A weight t r3de-of f  study was conducted varying the number 
o f  valves f i r e d  a t  one time and the t o t a l  rwmber o f  valves per engine 
based on an omni-axis contro l  system. The resu l t s  as presented i n  
Figure 2.2-21 ind icated t h a t  a miriimum weight i s  achievable w i t h  various 
combinations. For a 6" de f l ec t i on  angle using RP-1 the t a t a i  maxirrum 
f lowrate i s  2100 lbs/sec. Based on a compbrison o f  volumetric flowrate, 
a t o t a l  o f  32 valves should be used f i r i n g  e i t h e r  6 o r  8 a t  a time tr 
be able t o  use the l a rges t  c u r v n t l y  dvai lah le servo in jector  valve. 
The recommended approach i s  t o  
optimim performance and en:arge the valves t o  handle 350 lbs/sec. o f  
RP-1 a t  380 ps ia  supply pressure. 

As a 

Also shown are the maxirr,urn f lowrate requirements a t  the 
6 

6 valves a t  a given time f o r  

A t yp i ca l  valve as shown i n  Figure 2.2-22 wciild have three i n j e c t o r  
p i n t l e <  rfiechanically l i nked  and posi t ioned by a serwvn'lve cont ro l led  
RP-1 actuator operating oFf o f  supply l i n e  pressure. The valve should 
weigh on the order o f  12 l b s  and have a f u l l  st roke resportse of about 
0.37 second t o  provide the 10 deg/sec. slewrate. 
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Figure 2.2-, /. Multiple Orifice Side Specific Impulse V S .  
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2.3 CONTROLS 

This sect ion describes the contro l  system required t o  meet the 
performance and operat ional  requirements dur ing engine s tar tup and 
shutdown, gimballed engine t h r u s t  vector cont ro l  , t h r o t t l i n g  and 
propel lant  u t i 1  i z a t i o n  operations. The mechanical hardware inc lud ing  
valves and actuators requi red f o r  these funct ions was presented i n  
S e c t i m  2.2. For purposes o f  cont ro l  system descr ip t ion the engine 

conf igurat ion shown i n  Figure 2.3-1 has been used. The engine includes 
the fo l low ing  design features: 

B u t t e r f l y  type shutof f  valves inc lud ing high pressure RP-1 
actuators. 
A two stage, solenotd p i l o t e d  fue l  i g n i t e r  valve. 
A twc stage, solenoid p i l o t e d  t h r o t t l e  actuator  f o r  i n j e c t o r  
cont ro l  l e d  t h r o t t l i n g .  
A two stage, solenoid p i l o t e d  t h r o t t l e  actuator  f o r  i n j e c t o r  
t r i m  mixture r a t i o  contro l .  
P i t c h  and yaw t h r u s t  vector cont ro l  actuators w i th  high 
pressure RP-1 gimbcll actuators. 
Separate engine contro l  assemblies (Ems) f o r  each engine 
plus a stage control  assembly (SCA) for vehic le  e l e c t r i c a l  
in ter fac ing.  
Pressure, temperatun! acd accelerometer instrumentat ion f o r  
ground checkout, fi' ght telemeter data, engine startup/ 
shutdown sequencinq and abor t  overr tde funct ions.  

The fo l low ing  sections describe the contro l  l o g i c  and operation o f  
each o f  these funct ions.  

2.3.1 E l  ec tri cal  Requ i r?mertt'. - -  

Since the primary power . ource f o r  pos i t i on  contro l  o f  the 
major mechanical componerts w i l l  be e i t h e r  h igh pressure (3000 psia) 
o r  l i n e  pressure (380 p s h )  W-1 the e l e c t r i c a l  requirements f o r  the 
pressure fed engine consist  o f  p i l o t  valve power, cont ro l  s ignal  

c i r c u i t r y  and instrumentation data transmission. Figure 2.3-2 shows the 
basic e l e c t r i c a l  layout i nc i ca t i ng  the major vehic le and ground support 
modules. The stage contro l  assembly (SC.4) provides the vehic le  i n t e r -  
face f o r  a l l  seven engines. I t  also relays the power, command signals 
and inst runentat ion data t o  tbe indivW:al engine control  assemblies 
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fi GIMBAL ACTUATOR (2b e P m P E L u N :  SHUTOFF VALVE 

@ IGNITER FUEL VALVE 

GROUND HYDRAULIC 
POWER SUPPLY 

M PRE FILL FUEL VALVE 

---- MECHANICAL INTERLOCK 
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t 

SOL' ACTUATOR 

THROTTLE ACTUATOR 

fi P.U. ACTUATOR 
U 

--- ELECTRICAL CABLE - PROPELLANT LINE 

HYDRAULIC (RP-1) 
POWER LINES 

@ PRESSURE TRANSDUCER (3) 

@ TEMPERATURE TRANSDUCER (6) 

@ ACCELEROMETER (6) 

STAGE CONTROL 
ASSEMBLY 

GROUND CONTROL 
ASSEMBLY 

GlNE CONTROL ASSEMBLY 

Figure 2.3-1 Pressure Fed Engine Functional Schematic 
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( E C k )  located a t  each enaine. T h i s  requires 154 leads on the vehicle 
side o f  which most (140: ?re required t o  handle the valve(s) posit ion 
and engine pressure, temprature and accelerometer data .  There are 34 
leads between the SCA and each ECA. Between the ECA and the electrical 
components located on the engine 130 leads are required. The use o f  
redundant actuator p i l o t  valves increases this t o  140. An alternate 
approach t o  be considered i s  a comutated d i g i t a l  1'T;put which would 
reduce the number o f  channels while adding AID and D/A connectors. 
Each ECA also includes a grb:.id interface connector for engine acceptance 
and integration tes t  purposes as well as p r e f l i g h t  checkout. The 
electrical continuity o f  each ECA circuit is also checked tn this manner. 

Redundant amp1 i f ie r  and Val ve d r i  ver circuitry i s  provided for 
reliability purposes. A 28 vdc power supply i s  requtred and voltage 
regulation for transducers will be accommodated w i t h i n  the ECA. The 
power requirements for each engine are listed i n  Table 2.3-1. The maximum 
peak power requirement for the baseline system is 243 watts. If LITVC 

I tem Peak Power - 
Firel shutoff p i l o t  valve 
Oxidizer shutoff. p i l o t  valve 
Fuel igniter pilot valve 
TVC gimbal actuators (2 )  
LITVC servoin jector valves* (32) 
Throttle actuator 
Propellant u t i l i za t ion  actuator 
Ins trumen t a t i  on 
ECA 

60 w h t t s  
60 'I 

28 I' 

5 I' 

36 ii 

30 'I 

30 'I 

20 I' 

19 

Maximum Peak Power 

*A1 ternate LITVC Approach 

2431274" 

Table 2.3-1 Peak Electrical Power Requirements Per Engine 

i s  used the peak to ta l  becomes 274 based on the use of 32 servoinjector 
valves ccntrolling 12 a t  a time (6 on and 6 off). The gimbal actuator 
or LITVC valve power i s  intermittent, however, as is the throttle and 
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p rope l lan t  u t i l i z a t i o n  power. 
closed a f t e r  engine i g n i t i o n  thus f u r t h e r  reducing the t o t a l  power 
requirement. 

I n  addi t ion,  the fue l  valve could be 

2.3.2 Instrumentation Reauirements 

The instrumentation r e q u i r e a v t s  were establ ished on the need f o r  
r e l i a b l e  data dur ing engine s ta r tup  and f l i g h t  operations. 
pressure and chamber and nozzle temperatures are each measured by three 
transducers such that  multiple voting schemes can be used. 
desirable t o  use chamber pressure. as a s ta r tup  sequencing parameter. 
I t  i s  doubtful,  however, whether i t  can be used as a requirement t o  
open the main fue l  valve due t o  r e l a t i v e l y  low i g n i t i o n  pressures 
(based on the use o f  1% o f  t o t a l  f ue l  f low a t  i g n i t i o n ) .  Therefore, 
bo th  a f u s i b l e  wi re and chamber pressure transducer could be 
used f o r  t h i s  purpose. A requirement o f  reaching 25 ps ia  chamber 
pressure w i t h i n  the f i r s t  second would be used f o r  an engine shutdown 
override. The l a t t e r  i s  based on a nominal s ta r tup  chamber pressure 
o f  40 ps ia  a f t e r  one second. Temperature transducers are included f o r  
determining po ten t i a l  burn throughs; de ta i led  thermal analyses are 
requi red t o  determine whether the spec i f ied  s i x  transducers a r e  
s u f f i c i e n t  t o  accomplish th i s .  
on the engine head end t o  measure s t r u c t u r a l  loads. Both the temperature 
and accelerat ion data would be monitored f o r  p i lo t /ground decis ion making 
and would be red  l i n e d  for automatic engine shutdown. 

Chanher 

It i s  

Redundant accelerometers are located 

I n  add i t ion  t o  the above instrumentation, pos i t i on  ind ica tors  are 
included on each main valve and actuator. L inear  var iab le  d i f f e r e n t i a l  
transformers (LVDTS) w i l l  be used on the t h r o t t l e  p rope l lan t  u t i l i z a t i o n  
and gimbal actuators and LITVC servo in jector  valves i n  the a l te rna te  
case. 
loop cantl*ol purposes and data. L i m i t  switches w i l l  be used on the 
f l i g h t  main shuto f f  and i g n i t e r  valves t o  show the open/closed pos i t i on  
status. 

Continuous pos i t i on  measurements would be used both f o r  closed 
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2 . 3 . 3  Propellant Ut: ' l  i za t ion  - 
In order t o  optimize propellant u t i l i z a t i o n  i t  i s  desirable t o  

shift  the engine operating mixture ra t fo  dur ing  the f l i g h t  to  match the 
indicated remaining propellants. Several methods of doing this are 
available as follows: 

(1) Fixed mixture r a t i o  settings i .e. nominal minimum, maximum. 
(2 )  Continuous open loop mixture ratio control using metering 

element position as the inner loop control parameter. 
(3) Continuous closed loop mixture r a t i o  control using measured 

flowrates (calculated mixture r a t io )  as the control parameter. 

The engine t o  engine and run t o  run  variations i n  engine mixture 
Individval engine manu- r a t i o  a r e  discussGd i n  Sections 3.5 and 3.6. 

facturing tolerances will result i n  30 mixture ra t io  levels greater 
than - + 5%. 
ra t io  w i t h i n  - + 2%. Random error distributions between engines plus 
selective engine matching will further reduce the overall vehicle 

-% mixture r a t i o  variations resulting from engine variations by N 
(N = number of engines = 7 ) .  Furthermore run t o  run mixture ratio 
var ia t ion excluding propellant supply pressure and temperature variations 
are well w i t h i n  - + 0.5%. 

Flow calibration o f  each engine will bring nominal mixture 

- 

The degree o f  engine mixture r a t i o  accuracy and control required 
must be determlned from a vehicle standpoint. Estimated mixture r a t io  
control limits have ranged from - + 6 t o  - + 16%. Since a minimum of three 
discrete settings i s  required i t  i s  necessary t o  incorporate a flow 
metering device w i t h  three settings. The fuel flowrate i s  the recom- 
mended controlled parameter. Mixture r a t i o  i s  equally sensitive t o  
fuel and oxidizer flcwrate variations b u t  thrust i s  less sensitive t o  fuel 
flowrate by a factor of the nominal mixture ratio (0) as shown i n  
equations 1 and 2. 

O @  o e  

(2)  6 F/F = ($/I+@ )&WO/WO + (1 /1+@)6wf/wf 

(1) 6 $ / $  = 6WO/WO - swflwf 
. .  

0 0  0 0  

A 

. 3 '  
8 
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The addi t ion  of  a separate fuel mixture r a t io  trim valve requires 
an a d i t i o n a l  three position actuator. 
by a 3-position, open center, solenoid actuated p i l o t  valve w h i c h  
probides a normal pa r t i a l ly  opened metering element; a butterfly type 
element i s  envisioned a t  this time. Further valve opening o r  closing 
is provided by p i l o t  valve posi t ioning t o  pressurize (us ing  RP-1 a t  
line pressure) one side of the actuator while venting +'le other side. 
This approach requires an addittoma1 fuel valve b u t  mosL likely is 
more cost effective over the l i fe  of the program t h a n  using the main 
fuel shutoff valve. The la t ter  requires t h a t  the 14" valve incorporate 
four positions including snutoff which necessitates a closed loop control , 
a trim capability plus the normal shutoff function. The use o f  discrete 
operating points has two advantages: (1)  closed loop posit ion control 
can be avoided and (2 )  the three design points require less test  cali- 
bration and development t h a n  a continuous mixture r a t i o  schedule. 
However, a degree of calibration over the entire range will be required 
t o  limit performance excursions while s h i f t i n g  operating points. 

This i s  most easily accoinplished 

The same discrete control can be achieved w i t h  the TRW coaxial 
injector without breaking in to  the fuel feedline. 
separate sleeve i s  used which opens ~ J D  or closes down the fuel injector 
passage. While u s i n g  the same actuator approach this technique 
provldes the added capability o f  maintaining oxidizer t o  fuel momentum 
ratios whereas the above described methods result i n  wide uncontrolled 
shifts i n  injection conditions. T h i s  design approach i s  therefore 
recommended for mixture ratto control whether discrete p o i n t  o r  
continuous mixture ra t io  control 1s requfred. If the mixture r a t io  
setting will be continuously updated i t  is also desirable t o  use the 
open loop controlled posit ion rather t h a n  measured flowrate. For 
fixed propellant supply conditions the addi t fona l  complexity of adding 
flow measurement devices plus mixture r a t i o  calculation circuits do 
not seem t o  be justified by the small improvement i n  accuracy. However, 
variations i n  propellant temperatures and pressures may result i n  errors 
greater than can be accounted for by P.U. systems which determine the 
remaining propellmt a t  only 10 or so discrete points i n  the f l i g h t .  

In this case a 
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I f  a continuous systeiii i s  used then i n l e t  var ia t ions can be accounted 
f o r  by using an incremental cont ro i  system which adjusts f low condit ions 
i n  d iscrete steps u n t i l  the covered u t i l i z a t i o n  r a t e  i s  achieved. This 
avoids the problem which resu l t s  from a predetermined valve pos i t i on  
versus command mixture r a t i o  schedule. The problem o f  i n l e t  pressure 
var ia t ions can be minimized by the use o f  a passive head suppression 
valve such as the one described i n  Section 2.2. 

I n  order t o  avoid the problem o f  var lab le i n l e t  condit ions i t  i s  
recommended t h a t  the closed loop contro l  approach be used. This i s  
also apprcp ia te  since the stage contractors have ind icated t h a t  the 
mixture r a t i o  se t t i ng  w i l l  be updated on ly  a t  d iscrete po ints  i n  the 
f l  i ght. 

The use o f  the coaxial i n j e c t o r  f o r  P.U. cont ro l  has an added 
advantage i f  engine t h r o t t l i n g  i s  required. Mechanical t h r o t t l i n g  o f  
the i n j e c t o r  i s  accotrplished by a moveable sleeve which regulates both 
propel lant  f lowrates. Again i n j e c t i o n  condit ions can be optimized f o r  
each t h r o t t l e  po in t .  Incorporat ion o f  the P.U. f u e l  sleeve w i t h i n  the 
same mechanism p r o v i k  a f u r t h e r  c a p a b i l i t y  f o r  t r imning the f u e l  s ide 
t o  optimize performance. 
pos i t ion ing  o f  the two sleeves t o  t h r o t t l e  the engine. This pos i t ion ing  
i s  most e a s i l y  azcmplished by pos i t i on  contro l  loops on each slectfe. 
As mixture r a t i o  i s  s h i f t e d  on ly  the fue l  sleeve i s  adjusted. Inc ius ion 
o f  both t h r o t t l i n g  and P.U. cont ro l  w i t h i n  the i n j e c t o r  element requires 
the same addi t ional  hardwsre a5 separate upstream valves and has 
overr id ing advantage o f  providing optimum i n j e c t i o n  condit ions a t  
operating points. 

Figure 2.3-3 shows, f o r  example, r e l a t i v e  

2.3.4 Thrust Level Control 

Thrust l e v e l  control  can be achleved by several techniques but  
bas ica l l y  must be accomplished by regulat ing the t o t a l  p rope l lan t  
pressure o r  f low impedance. The apparent advantages o f  the former 
include e l im ina t ion  o f  engine integrated flow contro l  compcnents. 
However, t h i s  i s  more than o f f s e t  by the addi t ional  pressure regulat ion 
components and contro l  l m p s  requfred. Variable propel lant  heads due t o  

# 
..,I 
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2-115 

I 



n 

i 
t 

c 

8 
2 

8 
a0 

3 3 S / S @ l  - 31VdM013 1 W d  

8 w 8 

2-116 



acceleration and usace p r o f i l e s  reduces t h r u s t  accuracy. 
var iat ions also r e s u l t  from the use o f  f i x e d  q e m t r i c  factors.  The most 
s i g n i f i c a n t  advantage o f  th is approach i s  the reduct ion i n  pressur izat ion 
system weight i f  blowdown t h r o t t l i n g  i s  included a t  the end o f  the mission. 
However, dynamic s t a b i l i t y  w i t h  reduced pressure drops must be considered 
as discussed i n  Section 2.4.4. Studies i nd i ca te  t h a t  the TRW coaxial 
i n j e c t o r  w i l l  provide l w  frequency "chugging" s t a b i l i t y  down t o  70% 
w i th  SO% as the recomnended l i m i t  

Performance 

Engine t h r o t t l i n g  by f lw contro l  valves alone i s  a b e t t e r  approac9 
t o  the problem i n  t h a t  i n l e t  pressure e f f e c t s  can be minimized by using 
head suppression valves and a high system pressure drop i s  maintained. 
Llowever, f i x e d  i n j e c t o r  geometries present performance opt imizat ion and 
large t h r o t t l e  valves must be developed t o  provide a 7a t h r o t t l e  
capabi l i ty .  The TRU coaxial i n j e c t o r  provides the c a p a b i l i t y  f o r  both 
flow control  and i n j e c t o r  optimization. Use o f  a var iab le pos i t i on  
sleeve as ?n the LMuE provides t h i s  capab i l i t y ,  The sleeve i s  posi t ioned 
by a fue l  pressure dr iven actuator. The p i l o t  f low i s  cont ro l led  by a 
two pos i t ion  solenoid actuated p i l o t e d  valve and the cont ro l  loop closed 
using a LVDT pos i t i on  transducer. This approach has not iceable advantage 
inc lud ing greater s t a b i l i t y  margins, minimum add i t iona l  hardware and 
optimum performance. I n  add i t ion  the inc lus ion  o f  a moveable sleeve 
provides the capab i l i t y  f o r  face shu to f f  which [ I )  a I l w s  isdat inr .  rrf 
s a l t  water frmn the i n j e c t o r  cool ing tubes Grid shu to f f  valves and (2) 
provides a backup shutoff mechanism i n  case o f  shu to f f  valve f a i l u r e  t o  
close. This approach also i s  compatible w i t h  end o f  f l i g h t  pressure 
blowdown such t h a t  the advantages o f  both concepts can be achieved. 

2.3.5 Startup and Shtitdwn 

Both s tar t t ip  and shutdown o f  the engine requ i re  appropriate 
shutof f  valve sequencfng. The r a t 2  o f  t h r u s t  bui ldup and time t o  90% 
steady s ta te  t h r v s t  have both been speci f ied L e .  700,000 lbs/sec and 
3 - + .050 seconds r..,pectively. 
the amount o f  time t h a t  ti, 
point .  IF order t o  net iquirements the fo l low ing  s t a r t  
sequence has been es 

I n  addi t ion,  i t  i s  necessary t o  minimize 
r- r a t i o  i s  near the stochiometric 

':nsed on the computer study presented 

i 
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i n  Section 2.4.6 

(1) The LOX valve open command signal i s  i n i t i a t e d  a t  t ime zero 
(T = 0) and the valve opens i n  4.25 seconds. 

(2) The RP-1 i g n i t e r  valve open commard i s  given a t  T = 0.2 second 
and the valve opens i n  less than 50 mi l l iseconds. 

(3)  The main RP-1 va lve open comnand i s  given a t  T = 0.5 second 
only a f t e r  i g n i t i o n  has been v e r i f i e d  by the fusfble wi re 
and/or chamber pressure. The l a t t e r  may n o t  be p rac t i ca l  due 
t o  the low theoret ica l  chamber pressure a t  t h i s  po in t .  The 
fue l  valve opens i n  3,75 seconds. 

(4) The f u e l  p i l o t  valve i s  mechanically in ter locked w i th  the LOX 
valve actuator  such that the fue l  valve cannot begin to open 
u n t i l  the LOX valve has opened a minimum o f  5 percent. 

The reason f o r  the slow opening times i s  the l i m i t  on t h r u s t  bui ldup 
which i s  higher dur ing i n i t i a l  valve opening due to the approximate f low 
squared pressure loss chmac te r i s t i c .  Thus the 90% th rus t  p o i n t  i s  
reached i n  2.9 seconds and f u l l  t h r u s t  i n  4.25 seconds. I n  order  t o  
meet the 3 - + .050 second s ta r tup  repea tab i l i t y  i t  appears t h a t  high 
pressure hydraul ic  f l u i d  (RP-1) w i l l  be required. This provides 
s u f f i c i e n t  force margins t h a t  var ia t ions  i n  seal s t i c t i c n  torques which 
provide the primary e f fec t ,  especia l ly  i n  the LOX valve, are minimized. 

Shutdown times are important mainly i n  minimizing shutdown impulse 
and impulse v a r i a b i l i t i e s .  Nominal shutdown times (valve c losing) o f  
0.5 second can be acnievea w i tnout  any surge pressure and as low as 0.7 
second wi thout  exceeding 600 ps ia pressures. Shutdown contro l  i s  
maintained by the fo l lowing steps. 

(1) ?he LOX valve i s  commanded closed a t  T = 0 and closes i n  
1 second. 

(2) The HP-1 valve i s  cornlanded closed a t  T = 0.200 second and 
also closes i n  1 second. 

(3) The RP-1 p i l o t  valve I s  in ter locked w i t h  LOX actuator  and 
cannot move u n t i l  the LOX valve i s  5% closed. 

I 

The above sequence maintains a s l i g h t l y  f ue l  r i c h  shutdown. As 
i n  the case Ijf star tup the c los ing rates are establ ished by proper 
s i z ing  o f  the two pos-ition p i l o t  valve o r i f i c e s .  
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, t 2.3.6 \!chicle In te r face  Requirements 

The e l e c t r i c a l  i n te r face  requirements were discussed I n  Section 2.3.1. 
The primary funct ions which must be handled are the fo l lowing:  

(1) Englne s ta r tup  and shutdown. 
(2) Engine t h r o t t l e  contro l  

( 3 )  
(4) Thrust vector- cont ro l  

(5) 

Engine mixture r a t i o  (propel lant  u t i l i z a t i o n )  cont ro l  

F1 i g h t  checkout and abor t iover r ide  funct ions 

The ECA and SCA have been described based on D.C. analog s ignals  
between the vehic le  and SCA. However, commutated d i g i t a l  s ignals  might 
w e l l  be used for most functions t o  mirtfaizc the number o f  e l e c t r i c a l  
l i nes .  The SCA w i l l  be located i n  a bay close t o  the engines and w i l l  
i n te r face  w i t h  each o f  the seven engines. The primary instrumentat ion 
(pressure, temperature, accelerat ion) has been made redundant and the 
signal  fed  t o  the vehic le  w i l l  be based on a m a j o r i t y  vo t ing  scheme. 
This s i g n i f i c a n t l y  reduces the number o f  channels which would be 
required i f  t h i s  func t ion  was handled i n  the vehic le.  

A l l  subsystem c o s t ~ o l  funct ions w i l l  be handled by c los ing  the 
loop w i t h i n  the i nd i v idua l  ECAs. Override and abor t  l o g i c  w i l l  come 
p r i m a r i l y  from the vehic le.  Thus an i nd i v idua l  engine can be shutdown, 
for exdiiiple, 1 1  r*qu-ir-&. t h ~ e  fai:;;re acdcs whfck are considered t o  
be imminently catastrophic could bc handled w i t h i n  each ECA. Potent la l  
burn through o r  non- ign i t ion are examples t h a t  might be handled t h i s  
way. 
provided the vehic le  for e i t h e r  manual or  automatic overr ide.  

. P  T 

I n  general, however, i t  i s  intended tha t  s t i f f i c i e n t  data be 

t 
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2.4 PFE Dyanmics 

A de ta i l ed  dyramic analysis o f  the pressure fed  engine inc lud ing  
high and low f:eiuency s t a b i l i t y ,  t h r o t t l i n g  and t h r u s t  vector cont ro l  
was conducted. An analog carnputer model was used f o r  these studies w i t h  
the exceptfan o f  the high frequency s t a b i l i t y  evaluat ion.  This sect ion 
presents the operational charac ter is t i cs  o f  the engine inc lud ing  dynamic 
performarce a d s t a b i l i t y  margins. 

2.4.1 -I hrust  ' lector Control Dynami cs 

2.4 

f o l  

1.1 Gimballed Engine 

The contrq l  requirements f o r  the gimbailed engine inc lude the 
owing c r i t e r i a :  

= + 6" o Maximum angle - 
o Slewrate = 10 deg./sec. 
o Peak accelerat ion = 3 rad./sec. 

The gimbal actuetor; were subsequently s ized a t  an e f f e c t i v e  p i s ton  
area o f  50 in.&, a s t roke o f  - + 5.6 i n .  and a t o t a l  de l ivered f l u i d  
power (2 axis)  o f  400 HP based on a 3000 ps ia  hydraul ic  (RP-1) supply 
pressure and a 64 inch gimbal radius. A,. add i t iona l  consideration i n  
the dynamics evaluat ion was the need t o  avoid s t r u c t u r a l  coupling w i t h  
the engine which has a cha rac te r i s t i c  frequency o f  20 Hz and an e f f e c t i v e  
damping r a t i o  o f  0.1. 

2 

3 

The actuator s i t e  and deslgn requtrements are s i m i i a r  t o  those o f  the 
S I C  and therefore could be evaluated using a s i m i l a r  mathematical model. 
The S I C  actuator block diagram shown i n  Figure 2.4.1-1 includes a mechan- 
i c a l  feedback mechantsm. Accuracy requtrements b e t t e r  than 5% w i l l  neces- 
s f t a t e  a transducer feedbacf: and htgher loop gain bu t  actuator  operation 
i s  unchanged. Par purposes of fits analysis the block diagram o f  Figures 
2.4.1-2a and 2h were x e d  t o  dctermtne the dynamic response o f  the engine 
( e )  t o  p o s l t b n  ?omnand (ec} *  Uncompensated r o o t  locus p l o t s  showed an 
i n s t a b i l t t y  a t  the desired system gatn (Figure 2.4.1-3a) which was a l l e v -  
i a ted  by the addi t ton o f  compensatton (Figure 2.4.1-3b). The r e s u l t i n g  
frequency, small s ignal  step and la rge  s ignal  step response cha rac te r i s t i cs  
are shown i n  Figuwes 2.4.1-4a, b and c respect ively.  The bandwidth i s  

t --. 
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Figure 2.4.1-2b. S imp l i f ied  Gimbal TVC Block Diagram 
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Figure 2.4.1 -4a. 1200K Mechanical Gimbal Compensated Frequency Response 
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Figure 2.4.1-4c. Gimbal Engine Response Time vs. Step S i t e  
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on the order of 8 Hz a;.d the time t o  90% of fu l l  6" deflections i s  approxi-  
mately 0.27 second. While the system was designed for 10 deg/sec, slew- 
rate a 20 deg/sec. level is reasonably attainable a l though  compensation 
and therefore development requirements a1 so increase. The response 
characteristics o f  a hinged engine system are comparable a l t h o u g h  the 
power requirements are reduced primarily due t o  the lower inertia plus 
single axis operation. 

2.4.1.2 LITVC 

The LITVC response characteristics were establisheo us ing  the analog 
computer model. This model was a l so  used t o  evaluate the interaction 
between the LITVC and main feedline i f  a comnon supply line was used. 
The basic model as shown i n  Flgure 2.4.1-5 was based on the use of a line 
pressure (GI$ or RP-1) actuated servoin jector Val ve. The dynami c model 
i s  presented i n  Section 8.7. The choice of actuating f l u i d  is  dependent 
upon selection of LOX or RP-1 as the injectant. The dynamic analysis 
was based on the former b u t  i s  essentially applicable t o  RP-1 o r  a GITVC 
system. T h i s  i s  true i n  t h a t  the specified slewrate can be met w i t h  
each o f  these approaches by proper s iz ing  o f  the servoinjector valve. 
A 25 deg/sec. slewrate appears t o  be the upper limit dictated by the 
f l u i d  dynamic effects and resulting impact on the response requirements 
o f  the servoin jector valve. 

Typical step and frequency response data taken dur ing  the study are 
shown i n  Figures 2.4.1 -6 tnru -15. The study was done for - + 5' maximum 
thrust vector angles ard  s7e\zrratC+ of 10 and 15 deg/sec. The step 
response charactertstics ark 3hvm h Figure 2.4.1-12. 
size the more pronounced the c?'fect of line and nozzle f l u i d  dynamics. 
In order t o  reach 90% of a 5 degree step i n  470 ms the valve must have 
a response time of 380 ms. Thus the servoinjector actuator must be 
sized for  a faster response t h a n  would be indicated by the specified 
thrust vector slewrate alone. While the study d i d  not include + - 6" angles 
the date o f  Figure 2.4.1-12 can be directly extrapolated. The frequency 
response data  i s  presented in F,;gure 2.4.1-13 and shows a thrust vector band- 
width of 5 - 6 Hz. The corresponding servoinjector valve bandwidths must 
be on the order o f  7 - 12 Hz. Neither the step or frequency response 
characteristics are restrictive i n  designing the servoinjector valve. 

The largsr the step 
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2.4.2 High Frequency S t a b i l i t y  Approach a 

The TRW coaxial  i n j e c t o r  concept has been t e s t  f i r e d  i n  a v a r i e t y  o f  
programs i n  engines ranging i n  s ize  from 25 l b f  t o  250,000 l b f .  
evaluations have been conducted i n  many of the engine sizes. These evalua- 
t ions  have included nondirect ional  bombing as we l l  as pulse gun evaluations. 
Overpressures have been ca r r i ed  t o  150 percent o f  Pc and i n  - a l l  cdses, the 
recovery times have been on the order of 10 t o  15 ms. Typical  recovery 
resu l ts  are shown i n  Figure 2.4.2-1 f o r  the LMDE and 250K engines operating 
wi th  storables and a more recent 50K engine f i r i n g  w i t h  L02/RP-1 (250 psia, 
2.4:l MR). Also shown i s  a r e s u l t  f o r  the 250K t h r o t t l e d  5: l .  These resu l t s  
s t rongly  support the TRW ana ly t i ca l  studies and assert ions tha t  the concept 
w i l l  be dynamically s tab le  a t  the PFE s ize  f o r  the Space Shut t le  Booster 
appl icat ion.  
hundreds o f  thousands o f  seconds o f  operat ion TRW's i n j e c t o r s  have never 
experienced a s ing le  case o f  combustion i n s t a b i l i t y .  

S t a b i l i t y  

I n  summary, i n  over 20,000 engine and t h r u s t  chamber tes ts  and 

2.4.2.1 PFE Combustion S t z b i l i  t y  Evaluat ion 

The Phse A sumary presented the i n i t i a l  r e s u l t s  f o r  the modal/frequency 
arialysis o f  the PFE. The expected combustion chamber transverse frequencies 
are as fo l lows f o r  the PFE: 

1T 267 1R 557 
2T 443 2R 1017 
3T 609 3R 1475 
l T l R  7 33 2T1R 973 
1T2R 1237 2T2R 1446 
1T3R 1698 2T3R I910 

The basic s t a b i l i z i n g  mechanism f o r  the coaxial,  p i n t l e  i n j e c t o r  was 
presented i n  the Phase A review and i s  r e i t e r a t e d  here i n  Figure 2.4.2-2. 
To sustain a disturbance i n  a combustion chamber, i t  i s  necessary t o  supply 
combustibles i n  and near the antinode regions. A cha rac te r i s t i c  disturbance 
always dr ives the r e s u l t i n g  increased combustion r a t e  flame towards the 
supply source. I n  the case o f  the conventional i n j e c t o r  un i t ,  t h i s  r e s u l t s  
i n  f l ame movement towards the  supply source. I n  the case o f  the coaxial  
un i t ,  t h i s  resu l t s  i n  f lame movement towards a nodal zone w i t h  decreased 
przssure disturbance and, hence, t o  a combustion zone o f  s t a b i l i z i n g  
inf luence. With respect t o  rad ia l  modes, i t  i s  conceivable t h a t  rad ia l  
modes are possible, although t o  date they have not  been observed. I n  the 
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event t h a t  they occur, i t  i s  observed t h a t  no hardware damage i s  possible 
w i t h  the coaxial injection. 
scrubbing of h o t  gases across any cri t ical  zones i s  possible. 

The head end zones are cold zones, and no  

2 .4 .2 .2  Analytical Substantiation of Model 

4 

I 
- . d  . 
i .  

- ,  

- .  

t 
I 

To substantiate the reliabil i ty o f  the previously observed behavior 
a small subcontract was issued t o  Dynamic Science t o  conduct a brief set  of 
investigations of the coaxial injectors expected s t a b i l i t y  characteristics. 
The entire results are given i n  Reference 
are given here. 

Only the salient results 

The analysis was performed u s i n g  two computer programs developed by 
Dynamic Science. The first  program calculates steady state performance 
parameters as functions of injector design variables. These parameters 
are then i n p u t  t o  the nonlinear i n s t a b i l i t y  program developed from the 
Priem-Guentert model , as functions of axial  and radial coordinates and 
pertwbed analytically t o  deterniine the extent and sensitivity of the 
expected sensitive regions q f  the engine. 

A1 though the Priem-Guentert method was developed for  conventional rocket 
engine injectors and for the analysis of tangential mode ins tab i l i ty  only, 
i t ' s  extension to  other injector configurations and radial mode analysis 
is  straightforward. In carrying out  an analysis of the very different TRW 
engine w i t h  i t s  pintle injector design, the Priem-Guentert analysis has been 
modified so as to  be applicable a t  a s t a t i o n  along a prescribed steamtube. 

The method of analysis employed i n  t h h  study was t o  f i rs t  perform an 
a:ialysis of the twrJ phase flow along particular streamtubes o r ig ina t ing  a t  
the pintle injector, including the effects of propellant vaporization. 
this purpose the Dynamic Science steady state combustion analysis computer 
program was used. S t a b i l i t y  parameters necessry t o  carry out  a Priem- 
Guentert analysis a t  any p o i n t  along i n  the engine were calculated. Those 
regions of the engine suspected t o  be most susceptible t o  instability were 
then analyzed us ing  the Priem-Guentert method. 
further comparison of the stabil i ty characteristics o f  the TRW design, a 
similar study was carried o u t  assuminy a conventional injector design, 
i .e. uniform parallel propellant injection from the entire rear surface 
of the chamber, u t i l i z i n g  the same assumed injection parameters. 

For 

In order t o  obtain a 

B 

L- 

F 
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I n  order t o  po in t  out  some o f  the charac ter is t i cs  o f  the p i n t l e  
i n j e c t o r  design and some major di f ferences between i t  and a conventional 
i n j e c t o r  design, the fo l low ing  discussion i s  presented. 

2.4 .2 .3  Some Characterizations o f  the TRW I n j e c t o r  
Which Dist inguishes I t  from Conventional I n jec to rs  

1. The TRW engine i s  f ue l  d rop le t  con t ro l led  i n  the sense t h a t  the 
ox id izer  vaporizes much more qu ick l y  creat ing a very lean envircn- 
ment i n  which the  f u e l  droplets  burn. The LOX vapor izat ion i s  
thus no t  associated w i th  energy : 'zase and, i f  anything, provides 
only a damping associated w i t h  mass add i t ion  (which upon evolut ion 
requires accelerat ion through the v e l o c i t y  l ag  t o  the gas phase 
v e l o c i t y  and thus provides damping). 

2 .  The f u e l  vapor izat icn and hence energy release ra tes  per u n i t  
mass o f  f u e l  present are r e l a t i v e l y  low i n  the TRW PFE engine due 
p r i m a r i l y  t o  the very la rge  i n i t i a l  drop size. Comparing the TRW 
PFE and a conventional engine i n  a region w i t h  the  same gas phase 
accelerat ion t!ie v e l x i t y  l a g  A V  i s  t y p i c a l l y  5 o r  10 times la rge r  
i n  the  TRW engine due t o  the lower densi ty  and la rge r  radius. 
Due t o  t h i s  large t y p i c a l  AV and large rd, the drop Reynolds 
numbers are higher than conventional by t y p i c a l l y  a f a c t o r  o f  20 
even a t  the  r e l a t i v e l y  low chamber pressures. Under these con- 
d i t i o n s  o f  increased Reynolds number and la rge r  drop s ize  the 
vapor izat ion rates per  u n i t  mass o f  f u e l  are t y p i c a l l y  down by 
a f a c t o r  o f  20. However, since the  f u e l  f l u x  densi ty  i s  much 
higher a t  the TRW atomization plane than i n  a conventional engine 
( f a c t o r  o f  5 )  the vapor izat ion ra te  per u n i t  v o l u m  i s  only down 
by a fac to r  o f  4. 
mass o f  gas phase i s  much lower than i n  a conventional engine, 
and t h i s  has a s t a b i l i z i n g  inf luence. F ina l l y ,  we consider the 
parameter of i n t e r e s t  f o r  i n s t a b i l i t y  c a l c u k t i o n s ,  L e .  the 
vapor izat ion ra te  per u n i t  mass o f  gas i n  the gas phase. This 
parameter, due t o  the low PFE pressure, i s  approximately the same 
as i n  a conventional engipe. 
seems t o  have a s t a b i l i t y  advantage associated j u s t  w i t h  the  steady 
s t a t e  burning r a t e  alone. 

Far from p i n t l e  the vapor izat ion ra te /un i t  

I n  conclusion, ne i the r  type o f  engines 
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3 .  A t  these high Reynolds numbers ( t y p i c a l l y  several hundred) the 
vapor izat ion r a t e  i s  predominantly Reynolds number dependent 
( i  .e. , disturbance and lag  v e l o c i t y  dependent) ra ther  than 
pressure dependent. 
t i m a l  t o  the f u e l  vapor pressure bu t  we assume ths  thermal 
i n e r t i a  o f  the  drop keeps the vapor pressure f i xed  independent 
o f  the  disturbance wave). A t  the lower Reynolds numbers o f  
conventional engines the dependence on Reynolds number and hence 
disturbance v e l o c i t y  i s  much weaker. 
rate, the  change i n  t h i s  associated w i th  a disturbance i s :  

(Vaporization r a t e  i s  also d i r e c t l y  p p o r -  

Let  W be the f u e l  burning 

dAV .02 * + E - P V t y p i c a l  f o r  conventional low Re case: 

1 -  
.i .. 
c 

'$  .+ 

7 

... _ -  

I. T 

" 

where E -  1 

and t y p i c a l l y  f o r  the TRW high Re case: 

where AV i s  the  vector sum o f  the  l ag  v e l o c i t y  and the 
disturbance ve loc i ty .  

dAV 02 9 + 1.0 
* P  

Hence, from t h i s  p o i n t  o f  view the  TRW PFF: has a des tab i l i z i ng  
feature associated wi th t h i s  strong v e l o c i t y  coupling. The 
magnitude o f  t h i s  e f f e c t  depends on Avlag. 

the e f f e c t  i s  small. Wag tends t o  be a f a c t o r  o f  5 t o  10 l a rge r  
i n  t i le  TRW PFE than i n  conventional s:lstems so the  Le t  e f f e c t  here 
i s  open t o  cor! jecture.  

I f  i t  i s  large then 

4. Low natura l  frequency outer annu l l i  tend t o  t?? more unstable. I n  
fac t  i t  i s  the annullus radius burning ra te  product t h a t  i s  the 
s i g n i f i c a n t  paramrier i n  Priem-Guentert theory, along w i t h  A V  

a small which i s  the " s e n s i t i v i t y "  parameter. For a low A V  
disturbance can produce a large f r a c t i o n a l  change i n  the burning 
rate.  I n  comparing the TRW PFE and conventional i n j e c t o r s  the 
ne t  e f f e c t  o f  several th ings come i n t o  play here. 
regions the  f low f i e l d  i s  urldergoing h igh accelerat ion then A V  
w i l l  be l a rge r  and hence s t a b i l i z i n g .  
tone reaches the  outer region the f u e l  d rop le t  " f ines"  have beer e 
expendzd r e s u l t i n g  i n  lower burning rates then t h i s  a lso w i l l  be 
s t a b i l i z i n g .  I f  the sens i t i ve  low AV and high burning r a t e  

1 ag 
1 ag 

I f  i n  the outer  

1 ag 
If by ++e time the combustion 

1 ag 

1 

i 
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regions occur near v e l o c i t y  nodes o f  any po ten t i a l  r a d i a l  mode 
i n s t a b i l i t y  then t h i s  a h o  i s  s t a b i l i z i n g .  
the  gas dynamics are such t h a t  i n  the outer  reyions the pressure i s  
near lv  uniform w i t h  l i t t l e  gas phase accelerat ion then the A V  
w i l l  be snis.'Il and t h i s  w i l l  be d e z t a W i z i n 3 .  

On the other hanr' i f  

1 ag 

5. It becomes very c lea r  i n  any attempt t o  ana l j t e  the TRW engine 
t h a t  a reasonably accurate p i c tu re  o f  the gasdynamic f low f i e l d  i s  
required. The degree of gas phase accelerat ioK establ ishes the 
p a r t i c l e  ve loc i t y  l a g  which -in i t s e l f  i s  a strong s e n s i t i v i t y  
c o e f f i c i e n t  f o r  i n s t a b i l i t y  and a lso  IS a d i r e c t  d r i v i n g  po ten t i a l  
f o r  the steady s ta te  energy release. The r a d i a l  dSstr ibut ion o f  
these quanti  t i e s  (steady s ta te  energy release r a t e  and d rop le t  
v e l o c i t y  lag)  i s  c ruc ia l  as s e n s i t i v i t y  t o  r a d i a l  i n s t a b i l i t y  i s  
increased near v e l o c i t y  antinodes and s e m i  t i v i  ty tc ,  tar igei i t ial  
mode i n s t a b i l i t y  i s  increased a t  l a rge r  r a d i i .  However, i r  con- 
duct ing the f e a s i b i l i t y  ana5jses no t  one s ing le  zone o f  sensi t i v i  t j 
could be found i n  the TR!I PFE a t  anv s ize t o  be considered 7or the 
Space Shut t le  vehic le.  

2.4.2.4 Flame Model f G r  Propel lant  Vaporization 

I n  order t o  analyze the combustion process i n  l i q l t i d  propel lant  t h r u s t  
chamber, i t  i s  convenient t o  es tab l i sh  an atomization plane, L e . ,  a 
reference pos i t i on  a t  which the  propel lant  i s  considered completely atomized 
i n t o  c! aplets o f  a given mean s ize  and d i s t r i b u t i o n .  Ci i lcu la t ion o f  the 
propel lant  vapor izat ion rates then requi rs  knowledge o f  i n i t i a l  values f o r  
the pressure and temperature c f  the gas phase products o f  combustion. The 
i n i t i a l  pressure i s  known, i n  t h i s  case 250 psia, b u t  the gas phase tempera- 
tu re  must be estimated. I n  the Dynamic Science Steady State Combustion 
Analysis CompuLer Program the  i n i t i a l  gas phase temperature i s  assumed t o  
be equal t o  the equi 1 i b r i  um f 1 ame temperature correspondi ng t o  the l o c a l  
O/F r a t i o  ( L e .  , the equ i l ib r ium so lu t ion  a t  prescribed propel lant  enthalpy 
and pressure versus O/F r a t i o ) .  The O/F r a t i o  i s  taken i n i t i a l ' i y  as the 
r a t i o  o f  the propel lant  vapor izat ion rates.  

An engine operating anywhere near the overa l l  s t ioch iometr i  c mixture 
r a t i o  w i th  LOX/RP-1 propel lants w i l l  e x h i t i t  f u e l  d rop le t  conty:~l led burnicg 

"u 

i f .  
i 
4 .  
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.f 
ii 
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because the ox id izer  vaporizes much m 9 r e  qu ick ly  than the fue l .  
quently, the mixture r a t i o  near the i n t e c t w  w i l l  i n i t i a l l y  be kery large 
for  such an engine. Obviously the equ i l fb r ium flame temperature associated 
w i th  an extremely lean mixture o f  LOX/RP-1 w i l l  be extremely low. Con- 
sequently, i t  i s  necessary t o  a r t i f i c i a l l y  bound the mixture r a t i o  so as 
t o  give the i n i t i a l  flame temperature a reasonable i n i t i a l  value. The 
most sens i t ive region f o r  corrbustitm i n s t a b i l i t y ,  however, i s  o r d i n a r i l y  
very close t o  the atomizaticn plane (i.e., the region o f  rW = 0 where the 
gas phase ve loc i t y  accelerates and overtakes the d rop le t  ve loc i t i es ) .  
Cmsequently i t  i s  necessary t o  es tab l i sh  f l Q w  condit ions, i n  p a r t i c u l a r  
the gas phase temperature and ve loc i ty ,  as accurately as possible i n  order 
t o  examine vapor izat ion dr iven combustion i n s t a b i l i t y .  For t h i s  purpose a 
flame model f o r  propel lant  vapor izat ion was devised and incorporated i n t o  
the Steady State program. This flame model i s  described below. 

Conse- 

The energy equation f o r  ox id izer  and fue l  combustion products can be 
w r i t t e n  as 

- - 
Vue1  vap 

t 

where 

- - 
@S 

AHR 
- - 

- - 
ox vap H 

m =  

- 
cP - 

T =  

subscr ipt  s = 

and 

- - 
bHR 

c 

i 
L " 

'P mfuel  vap (1 '$1 
S 

1 - Q  in (*Hex vap 'P (mox vap s f u e l  vap' ox 

st ioch iometr ic  mixture r a t i o  

neat o f  reaction, BTU/lb 

heat o f  Vaporization f o r  l i q u i d  oxygen, BTU/lb 

mass, l b  

s p e c i f i c  heat a t  constant pressure, BTU/lb-Ro 

temperature, OR 

a t  st iochiometry 

C T ( 1  + f ) .  
ps 

T 
c .. 
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f o r  LOI(/RP-l 

cp /cp = 1 
ox s 

= 0.23 “P 

AHox vap = 28.1 ZI 

AT = T - 1800 

= 2.4 
S 

S 
R = 6198.4 

i 

f 

It fo l lows tha t  the  flame temperature seen by the ox id i ze r  drops can be 
approximated by : 

b 

f 
4 
i 

- 18o)A@]/ ( 1  + A 4 )  T = (TS -( AHOX, vap 
cP 

- 
? 

where 

= loca l  mix ture r a t i o  

The flame temperature seen by the f u e l  dropsI however, was taken as 
T = 6198.4, Le . ,  the f u e l  drops were assumed t o  be surrounded by a 

mantle o f  gas burning a t  a flame temperature corresponding t o  s t ioch iometr ic  
condi ti ons. 

5 

2.4.2.5 Appl icat ion o f  the Comhustion I n s t a b i l i t y  
t o  the TRW P i n t l e  I n j e c t o r  Design 

The t ranspor t  equations derived by Priem f o r  an annular combustor model 
can be appl ied t o  the TRW i n j e c t o r  dcsign w i th  tne modi f icat ions described 
below. 

The gas and drop le t  streamlines are assumed co inc ident  and the f l ow  path 
is assumed t o  be along the surface x (see Figure 2.4.2-3). It follows t ha t  

i V t  = vx 

a a - P -  
a t  ax 
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I n  the Prim analysis the . urning r a t e  parameter, k 
terms o f  the isen t rop ic  re la t i ons  f o r  an idea l  nozzle (see r e f e r r i c e  
as: 

has been defined i n  

) 

I t  i r  -.ecessary t c  replace the  above d e f i n i t i o n  o f  1 by the term i t  ac tua l l y  
re;. ? i , t S  i n  t h e  t ranspor t  equations, which .is 

the term wo i s  
i 

- 1 3 - - rn fi lbs/(sec- in ) A i i  wO i 

I n  ca lcu la t ing  the drag parameter,&, i t  i s  necessary t o  use 

w he r e  

- -q- 
i i p1 

The parameters aVi and Re are unchanged. 
di 

I n  ca l cu la t i ng  these i n s t a b i l i t y  parameters i t  fo l lows t h a t  since 
f low proper t ies can o f ten  be treated as homogeneous i n  the r a d i a l  d i r e c t i o n  
f o r  a conventional combustor: 

= radius o f  the annulus under 
rC) 

consideration ( 0  < ran ran - 
2 

C 
A = V r  

P, = t o t a l  propel lant  f low r a t e  
(i = 1 f o r  ox, 2 for f u e l )  

\ , 

. -. 
- 

etc.  
2-144 



i For the TRW pintle geometry, however, each streamline must be considered 
separately so t h a t :  

= radius of the annulus under consideration ran 

A = local area of the streamtube under consideration 

Pi = propellant flow rate i n  the streamtube under 
consideration 

etc. 

For the purpose of analyzing the TRW engine a streamline was selected 
emanating from injector as shown i n  Figure 2.4.2.4. The streamline was 
assumed t o  be directed along the resultant propellant stream p a t h  ( e = 70') 
as indicated by cold flow testing, and t o  subtend an mgle of twenty degrees. 
The atomization plane was taken as five inches downstream o f  the pintle. 
I t  was also assumed t h a t  the flow spread as i f  i t  were a source flow 
amanating from the pintle. Consequently one-ninth ( i  .e. 2O0/18Oo) of the 
propellant mass f l u x  was included i n  the streamtube. This central stream- 
tube contains the maximum fuel f l u x  density found i n  the engine, and t h u s  
would be expected t o  include the least stable portion of the flow field 
since the lmgest values attained by the burning rate parameter occur along 
this s treamtube . 

The i n i t i a l  area ( a t  x = xo) o f  the streamtube can be estimated as 
shown i n  Figure 2.4.2-5 as 

A = xA8 * 2 IT ( rp  + x sin e)  

where 

= 5", Ae  = 200, rp = 12", e = 700 xO 
so t h 3 t  

A(xo) = 183.59 #. 

The exact area variation of this streamtube is unknown, b u t  i n  a long 
cylindrical chamber such as employed by the TRW engine, i t  should expand 
from the i n i t i a l  area and asymptotically approach 1/9 o f  the to ta l  chamber 
area (since the streamtube contains 1/9 of the to ta l  vass f l u x ) .  In order 

f 

L 
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CASE 1 - CONVENTIONAL ENGINE - UNIFORM DIST. - AXIAL STREAMING 

SPRAY STREAM ANGLE, 8 

I ANALYSIS 

I 

8oo 

CASE 2 - PURE RADIAL CONTINUATION OF INITIAL MASS FLUX DISTRIBUTION 
(YIELDS STRONGLY ACCELERATING FLOW WITH ATTENDANT 
NON-SUPPORTABLE FALLING PRESSURE) 

0 STABLE 

CASE 3 - SOURCE TYPE DISTRIBUTION 
( APPROXIMATION TO CONSTANT PRESSURE EXPANSION) 

0 STABLE 

Fjgure 2.4.2-4. Approximation o f  PFE Flow Fields 
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t o  character ize the area v a r i a t i o n  o f  the streamtube the func t ion  given 
below was selected: 

n -n-1 - dA 
dx 

= - n (Ao - A r n )  x0 x 

where 

x s x s -  0 

and the parameter, n, i s  defined i n  terms o f  a c h a r a c t e r i s t i c  length, x L s  
such tha t  

AhL) = . 95A,  

i.e., 

Thus the streamtube area was allowed t o  expand monotonical ly from A. t o  
A 03 such t h a t  95% o f  the f i n a l  hrea was reached a t  a distance o f  xL - xo 
from the atomization plane (see Figure 2.4.2-6) 

Table 2.4.2-1. Engine Configurations Analyzed 

Case No. 1 RP fue l  , nominal engine parameters 
Case No. 2 
Case No. 3 RP fue l ,  maximum engine parameters 2 .0~10 t h r u s t  
Case No. 4 

Case No. 5 
Case No. 6 

Same as Case No. 1, bu t  300 ps i  Chamber Pressure 

Same as Case No. 1, bu t  2OO0F Fuel Temperature (regen. 
cool i ng case) 
Same as Case No. 1, bu t  p i n t l e  diameter o f  30 inches 
Propane fue l  , nominal engine parameters 

6 
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2.4.2.6 Summary o f  Results 

J Steady-state combustion ca lcu lat ions were made for f i v e  PFE engine 
configurations, using LOX/RP-1 propel lants and one case using LOX/Propane. 
The engine parameters considered i n  these computations are presented i n  
Tables 2.4.2.6-1 and 2.4.2.6-2. Case No. 1 was studied i n  d e t a i l  t o  de- 
termine the engine's s t a b i l i t y  charac ter is t i cs  f o r  the 1200K engine. 

Two d i f f e r e n t  assumptions regarding chamber f low f i e l d  were examined 
as f o l  1 o ~  : 

( A )  Flow f i e l d  assumed t o  be source l i k e  w i t h  anoequal d i s t r i b u t i o n  
o f  mass f low w i t h  angle over a sector o f  180 . 

(B) Flow f i e l d  assumed t o  be t h a t  o f  conventional i n j e c t o r  using 
TRW drop s i ze  d i s t r i b u t i o n .  

2 183.59 i n  

1 - 9 "3815.6 

1 
9 - *f589.8 

Results o f  the analysis show t h a t  al lowing a streamttibe t o  open up i n  a 
manner consistent w i t h  the geometry o f  the chamber (i .e. , not  too f a s t )  
requires a gas phase temperature considerably below the stoichometric flame 
temperature. Too high a chamber temperature causes the f low t o  prematurely 
choke (M -+ 1). The flame model f o r  vzpor izat ion gives a gas temperature 
o f  about 3000'R a t  12" downstream o f  the atmomization plane. This i s  a 
r e s u l t  o f  the d i s p a r i t y  between ';he propel lant  vapor izat ion rates.  Thus, 
the model shows f a i r l y  la rge  teniperature gradients t o  e x i s t  i n  the engine. 
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Case No. 1 

Table 2.4.2.6-1 Engine Configurations Analyzed f o r  
Transverse Stabil i ty 

Case No. 2 

Case No. 3 

Case No. 4 

Case No. 5 

,Case ITo. 6 

RP fue l ,  nominal engine  parameters 

Same a s  Case  N o .  1, but 300 psi  
Chamber Pres su re  

RP fuel ,  maximum engine  parameters 
2.0 x 10 lbs Thrust 6 

Same a s  C a s e  N o .  1, but 2OO0F Fuel 
Temperature (regen. cooling rise) 

Same a s  Case No.  1, but pintle diameter 
of 30 inches 

Propane f u e l  , nominal engiiie parsinetors 
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+e e f fec ts  o f  upst am conduction, r a d i a t i v e  heat t ransfer ,  and convective 
heat t rans fer  f rom reg iorc  o f  r e c i r c u l a t i o n  are no t  accounted f o r  but  can 
be estimated from resu l t s  obtained thus far.  

Results o f  the steady-state an lys is  were examined t o  determine regions 
o f  po ten t ia l  i n s t a b i l i t y .  These regions should e x h i b i t  low l ag  ( I A V ~ <  .02), 

high fue l  vapor izat ion r a t e  (;f+ 1) and should be located f a r  from the 
chamber ax is  (r -+ rc). 
could possibly show i n s t a b i l i t y  was near the atomization plane where the 
gas phase accelerat ion overtakes the d rop le t  i n j e c t i o n  ve loc i ty .  This i s  
also the most sens i t i ve  region i n  a conventional combuster. 
120K engine, however, t h i s  region occurs on ly  a t  low radius (r A 18"). 
Calculat ions using the combustion i r t t a b i l i t y  analys is  showed t h i s  region 
t o  be absolutely stable. 

I n  the TRW PFE engine the on ly  region found tha t  

I n  the TRW PFE 

Since the fue l  vapor izat ion r a t e  i s  increasing r a p i d l y  near the atom- 
i za t i os  p:ane due t o  d rop le t  heat-up, i t  i s  d i f f i c u l t  t o  accurately assess 
the value o f  the burning r a t e  parameter, 1 , i n  t h i s  region. Conse- 
quentiy some daubt i s  cast  on the r e s u l t s  o f  the s t a b i l i t y  c a l c u l a t i m s .  
I n  order t o  c l c i f y  t h i s  s i t u d t i o n  comparison was made w i t h  r e s u l t s  obtained 
%nn case [B) ,  L e - ,  the conventional i n j e c t o r  design. The l e a s t  s tab le  
region f o r  (B) found t o  be a t  r = rc j u s t  downs+-ain o f  the atomization 
plane. Calculat ions using the combustion i ns tab i  I i t y  program showed t h i s  
region to be unstable. The neutra l  s t a b i l i t y  p o i n t  fw t h i s  region was 
establ ished and a p l o t  o f  pressure average vs. cha rac te r i s t i c  t ime i s  pre- 
sented i n  Figure 2.4.2-7 f o r  a:: i n i t i a l  disturbance j u s t  excecding the 
s t a b i l i t y  l i m i t .  The cha rac te r i s t i c  t ime required f o r  a disturbance t rave l -  
ing  a t  sonic speed t o  t ravs l  once around the annular circumference i s  2 ~ .  
It i s  evident t h a t  a f t e r  cha rac te r i s t i c  time = 2~ the i n i t i a l  pressure 
disturbance (assumed t o  be sinusoidal w i t h  AP =*.015) has Seer ampl i f ied.  

Next, ca lcu lat ions were made f o r  the most sens i t i ve  region found f o r  
the TRW engine, Case (A} .  Twci such ca lcu la t ions  are presented i n  Figure 
2 9.2-8. The upper curve shows the b e k - r i w  o f  the l e a s t  s tab le  p o i n t  
f w n d  with InVl < .01 and the lower curve shows the behavior of a p o i n t  
somewhat d:kistreerr! v i t h  d higher Isurnfncj r a t e  p a r a e t e r  bu t  w i t h  AV = .02. 
Both points w r e  r ih jectecl  t o  an i n i t i a l  pressure dzsturbance iden t i ca l  t o  
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t ha t  used f o r  Figure 2.4.2-7. 
stable since the pressure disturbance i s  rap id l y  damped. 

It can be seen tha t  the TRW case i s  very 

I t  i s  ,nportant t o  determice whether there might be regions o f  cornbus- 
t i o n  i n s t a b i l i t y  f o r  Case (A) i n  the chamber a t  locat ions fu r the r  downstream 

of the atomization plane. 
o f  the expansion can there be a region near the combustor w a l l  i n  which 

there i s  small droplet  ve loc i t y  lag? This s i t ua t i on  could be brought about 
by the gas stream tube experiencing a low o r  adverse pressure gradient. I n  
the LOX/RP-1 system the fue l  burning r a t e  mazimizes several inches down- 
stream o f  the atomization plane and then monotomical ly decreases eventual ly 
a t ta in ing  a neg l i g ib le  value. The I#) l a g  s i t ua t i on  would have t o  be reached 
before too low a value g f  the fue l  vapor izat ion r a t e  i s  reached. I n  t h i s  
study the f i n a l  stream tube area was both increased and decreased substan- 
t i a l l y  t o  see i f  3 low drop le t  l ag  would resu l t .  The ca lcu lat ions showed 
substant ia l  c . zb i l i z i ng  l ag  i n  a l l  cases. This was apparently due t o  the 
low f ue l  w+-r . iat ion r a t e  which supplies mass add i t ion  and energy t rans fer  
over a long distance t o  the  gas phase i n  s u f f i c i e n t  amount t o  accelerate 
the f low even when the streamtube area was opened substant ia l ly .  

I n  p : r t i cu la r ,  due t o  the two dimensional character 

2.4.2.7 Z m e n t s  Concerning the S t a b i l i t y  o f  Cases 2 through 6 as 
Compared with Case 1 

Case 2 

An increase i n  chamber pressure from 250 psia t o  300 psia has 
a neg l i g ib le  effect on engine s t a b i l i t y .  The s t a b i l i t y  parameters 
are much more sens i t i ve  t o  l oca l  mixture r a t i o  along the s t reamtub 
than t o  the i n i t i a l  chamber presswe. 

Case 3 
This la rger  engine should be less  s tab le  than the Case 1 engine 

f o r  several reasons. F i r s t  the p i n t l e  radius i s  l a rge r  although the 
propel lant  mass f l u x  per u n i t  volume i s  about the same. The mean 
drop s ize  i s  about the same f o r  the two engines (D3* fuel = 440 1.1 as 
comrared t o  425) so the la rger  engine has no advantage f r o m  t h i s  
stardpoint. The resu l t s  show absolute s t a b i l i t y .  
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Case 4 

I n  t h i s  engine the fue l  i s  i n jec ted  
thus i n i t i a l l y  has a higher vapor izat ion 

ing  in f luence because the hV = 0 reg ion 
plane o f  atomization. However, the f u e l  
engine (especia l ly  the smaller drops) so 
i n i t i a l  temperature d i f fe rence i s  neg l ig  

Case 5 

a t  a higher temperature arid 
ra te .  This has a d e s t a b i l i t -  
n the engine i s  c lose t o  the 
drops heat up r a p i d l y  i n  the 
t h a t  the e f f e c t  a f  a 135OF 
b l y  important. 

An increase i n  p i n t l e  diameter from 24" t o  30" has a des tab i l i z i ng  
in f luence since the burning r a t e  parameter i s  propor t ional  t o  t h i s  
diamter. A t  the l a r g e r  diameter, however the mass f l u x  per volume i s  
decreased somewhat, and the  ove ra l l  r e s u l t s  show the u n i t  t o  be stable.  

Case 6 

AXhough the mean drop s i z e  f o r  the propane system i s  subs tan t i a l l y  
smaller than f o r  RP-1 (D30 = 11 2 p as compared t o  425 11) the vaporiza- 
t i o n  rates found i n  the engine are  very s i m i l a r  t o  those found i n  the 
LOX/RP-l system. Prel iminary r e s u l t s  o f  t h i s  study i n d i c a t e  the two 
systems ts have s i m i l a r  s t a b i l i t y  charac ter is t i cs .  

Radial Mode S t a b i l i t y  

B r i e f  considerat ion was given t o  r a d i a l  mode i n s t a b i l i t y .  The f i r s t  
rad ia l  mode i s  comparable t o  a f i r s t  tangent ia l  mode a t  a radius o f  R/IT 

under the assumption t h a t  P, i s  la rge  and t h a t  the f i r s t  r a d i a l  mode i s  
analogous t o  o s c i l l a t i o n s  i n  a tube o f  length R and closed on both ends. 
This ignores the focusing e f f e c t  o f  a disturbance r e f l e c t e d  a t  the center. 
Nevertheless i t  i s  some i n d i c a t i o n  t h a t  i f  the tangent ia l  mode i s  s tab le  

then the rad ia l  mode i s  probably s tzb le.  
b i l i t y  t ha t  a sens i t i ve  zone might happen t o  l i e  a t  a rad ia l  v e l o c i t y  

antinode. The subject  requires f u r t h e r  a t t e n t h .  

O f  course, this ignores the possi- 
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2.4.3 Low Frequency Stabi 1 i ty  

r 

i 

. 

The low frequency s t a b i l i t y  ?< the Pressure Fed Engine inc lud ing a 
representat ive feed system was examined using a non-1 inear  analog computer 
model. The model equations are presented i n  Section 8.7. The engine 
model consisted o f  lumped parameter elements inc lud ing non- l inear feed- 
l i n e ,  valve, and i n j e c t o r  resistances, i n l e t  l i n e  compliance, a vapor- 

i z a t i o n  and mixing time delay, and combustion chamber compliance. Fuel 
and ox id izer  feedl ines were assumed t o  be 8 and 50 fee t  long respect ively.  
The ox id izer  feedl ine was represented by the r i g i d  body mode and the 
f i r s t  two open-open organ pipe modes (- 22 and 44 Hz) the fue l  l i n e  was 

represented as a r i g i d  body on ly  due t o  i t s  shor t  length. I n  addi t ion,  

f o r  some studies, an LITVC system was added, again as a lumped parameter 
model , inc lud ing the non- l inear l i n e  and valve resistances. 

The low frequency s t a b i l i t y  was examined by in t roduc t ing  a c y c l i c  
o r  impulse disturbance i n t o  the chamber pressure or tank bottom pressure 
a f t e r  steady s ta te  operation had been reached. The change i n  the resul -  
t a n t  chamber pressure was measured and the r a t i o  aPc/6PC ( the o s c i l l a t o r y  
resu l tan t  chamber pressure/the o s c i l  l a t o r y  d is tu rb ing  chamber pressure) 
was formed. Resonances were noted a t  -22 Hz and -45 Hz. Botf, were 
caused p r imar i l y  by the feed1 ine  resonance coupl ing with the higher 
amplitude resonance due t o  the e f f e c t  o f  the combustion time delay o f  
= .005 sec. 

Even though a t  some frequencies the r a t i o  i s  greater than one the 

I n  addi t ion 
ampli tudes 1 imi ted due t o  the non- l inear i t ies .  The disturbance pressure 
amplitude was - + 10% of mean chamber pressure o r  - + 25 ps i .  

impulses o f  200 p s i  peak were introduced i n t o  the chamber representat ive 
o f  ''bomb" t e r t s  and the system recovered from 100% (- 500 p s i )  overshoots. 

The combustim delay time and L* e f fec ts  are shown i n  Figure 2.4.3-1. 
The TRW engine w i t h  an L* of 150 inches and a combustion t ime delay o f  

305 - .007 seconds represents a very stable system. The s e l l s i t i v i t y  t o  

fn jec to r  pressure drop i s  shown i n  Figure 2.4.3-2 f o r  an L* o f  150 inches 
q q  combustion delays o f  -005 and .015 seconds. E \ r m  though the amplitude 

.; ,:c i s  approximately 3 a t  a 6G ps i  ox id izer  i n j e c t o r  pressure drop, 
* t  4 i tudes 1 i m i  ted and \*ecovered from "bomb tes t "  sSmulations The 
* a  pl icude r a t i o  versus frequency p l o t s  f o r  the nominal engine design 
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are shown i n  Figures 2.4.3-3 and -4.  The former shows the responsz t o  
chamber pressure disturbances whtle the la t ter  i s  based on tank bottom 
pressure oscillations a t  Both the nominal .005 second and .015 second 
cornbustl'm delays. The mast srgntftcant characteristic i s  the apparent 
trough i n  the 3-10 Fiz frequency range whfch i s  the prtmary area o f  concern 
for POGO type problems. Typtcal analog traces showing the frequency 
sweeps, the "Bomb tests" and the reduced tnjector pressure drops are 
shown i.n Fl'gures 2.4.3-5 through 2 4 3-1 1 . 
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2.4.4 Throttling Limits 

The stability of the TRW Pressure Fed Engine System was examined 
under simulated t a n k  pressure throttled conditions. This was accomplished 
by reducing the oxidizer and fuel tank pressures (no injector drop 
changes except t h a t  due t o  the reduced flow) while maintaining a mixture 
r a t i o  o f  2.4. Again frequency dependEtlt dtsturbances were introduced 
In to  the chamber pressure and the resulting chamber pressure measured. 
Figure 2.4.4-1 i s  a summary o f  this data for two values of combustion 
delay, .005 and .015 seconds. For the TRW engine configuration w i t h  a 
combustion delay o f  .005 second, the system is  stable t o  a level below 
70%. Hence there i s  no stabilfty problem i n  the t h r o t t l i n g  process. 
Simulated "bomb" tests were run  a t  these reduced conditions and the 
system recovered w i t h i n  .050 - .lo0 second. Figures 2.4.4-2 through 
2.4.4-4 show typical analog traces of these conditions. The use of 
mechanical t h r o t t l i n g  implemented by a variable displacement injector 
sleeve provides an even greater stability margin i n  t h a t  the total  line 
pressure drop increases as the engine i s  throttled. As discussed i n  
Section 2.3 injector t h r o t t l i n g  plus the t a n k  pressure blowdown throt- 

t l i n g  a t  the end o f  f l i g h t  can be combined t o  pvvide maximum system 
flexibility and cost effectiveness. 
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Figure 2.4.4-2. LOX/RP-l  Engine Sinusoidal Chamber Pressure Disturbance 
Tank Blowdown L* = 150", Tcomb = 0.005 sec 
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Oxidizer I n j e c t o r  APNm = 100 p s i ,  Tank Pressure = 250 p s i a  

Fuel I n j e c t o r  * 40 p s i .  Tank Pressure - 260 p s i a  

. . . . . . .  
- - e t t t t - t e t .  t-t- +-t A- 1 + + t + + - +  + ,..* . . .. + ~ -  . . . . .  4 4 -  

. . . . . .  
. .  ....... . . . . . . . . . .  . . .  . . . .  i. i I. i 

. . . . .  , . . . . . . . . . . . . .  

. . . . . .  . . . . . .  

t 
Figure 2.4.3-3.  LOX/RP-1 E n g h  Sinusoidal Chamber Pressure Disturbance 

Tank Pressure Blowdown L* = 150" Tcomb = 0.015 sec 
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Oxidizer 1nje:tc- tPNom = 100 p s i ,  Tank Pressure = 250 p s i a  
Fuel I n j e c t o r  A?Hocn - 40 p s i ,  f a - '  Pressure 260 psia 

+ + , t . t  

Figure 2.4.3-4. LOXIRP-1 Engine, 200 ps i  Bomb Test  -Tank Pressure 
Blowdown L* = 150", T~~~~ = 0.015 sec 
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2.4.5 LITVC Interactions 

An LITVC System was added t o  the model by formulating the proper 
f l u i d  and control equations. It was assumed that the main feed f o r  the 
L W C  bravched o f f  the main LOX l i n e  j u s t  above the main shutoff valve 
and thus the LITVC was "wet" dorm t o  the ccntrol valves. The inclusion 
o f  the system had no appreciable e f fec t  on the s t a r t  transients both 
wi th and w i t b u t  i n t t i a l  LITVC flaws o f  -10% ( L e .  -100 lbs/secj. 

The LITVC interactions are  expected t o  be minimal pr imari ly due 
t o  the response characterlsttcs o f  the LITVC Systems as previously 
shown i n  Figure 2.4.1-13. The L INC System has a very f a s t  r o l l o f f  
(5-6 Hz bandwidth) and w i l l  not in te rac t  a t  engine characteristfc 
frequenqies i n  the 20-40 Hz range. 

Subsequent considerations o f  an LIlVC System using RP-1 rather 
than LOX were not analyzed but w i l l  have even less potential f o r  i n te r -  
action since the flan requirement will dtctate a separate feedllne t o  
the LITVC System from the W-1 tank. Thus the two systems, engine and 
LITVC, w i l l  essential ly be independent. 

2.4.6 Star t  Up/Shut Dwn Dynamics 

The p r i n d p l e  constraints on the s t a r t  up transients are 1) thrust  
buildup ra te  less than 700,000 lb/sec and 2) 90% Pc wi th in  3 seconds. 
The requirements f o r  t h i s  slow s t a r t  d ic ta te long valve opening times. 
This has the beneficial e f fec t  o f  el iminating any major pressure surges. 
I n  addition t o  the above two constraints, i t  is important that  the LOX 
lead the maln R?-1 flow i n t o  the chamber. 

To achieve a s t a r t  sequence tha t  sa t is f ies  the above l i m i t s  and 
objectives the previously descrlbed analog computer model was used t o  
perform parametric studies. The resul ts o f  those studies are sunnnarized 
i n  Figures 2.4.6-1 and -2. A typical  design point  s t a r t  sequence i s  
presented i n  Table 2.4.6-1 which shows the key parameters o f  interest .  
Figure 2.4.6-1 shows thc -*feet o f  valve opening times on maximum thrust  
buildup rate or equivalent chamber p - w ~  rate. As long as the 
oxidizer valve opening t i n . ?  i s  " *  

maintained a t  o r  below the i f  

Ian 4 seconds tha t  ra te can be 
s 21 f o r  any value o f  fuel openfng 
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Table 2.4.6-1. Start/Shutdown Sequences 

STAR1 UP 

T = 4.50 sec 

TIlf = 3.75 sec 

vo 

= .5  sec 

= 2.9 sec 

= 1,600,000 l b  sec 

= 150 psi isec 

% 
t90% 

* 90% 

pclnax 

W d t j90% = 5,500 l b s  

/-Mfdt/90% = 1,400 l b s  
J - - o  

= 700,000 Ib/sec max i 
= .90 sec tprime,ox 

tprinie ,fuel = 1.6 sec 

SHGT i)OW;J 

T = .5 sec 
VO 

= 1.0 sec 

L O  
‘ v f  

% 
I = 500,000 l b  sec 

! 

f 
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( -  

time. 
times (greater than 3 seconds) t o  reach 90% o f  steady s ta te  chamber 
pressure P,. 

2.4.6-3 showfng LOX valve opening time verslis f ue l  valve opening time 
w i th  the de.;i;n const ra in t  l i nes  also imposed. The selected sequence 
T = 4.25 sec md  Tvf  = 3.75 sec, A r v  = .5 ( a l l  data was generated 
w i th  a delay (AT,,) o f  .5 second between LOX valve and fue l  valve 

opening) was .elzcted t o  s a t i s f y  the const ra in t  l ines .  Representative 
startups a e  presented i n  Figures 2.4.6-4a, -4b and -4c. 

The shutdmn sequence was establ ished i n  a s i m i l a r  manner w i th  
the only const ra in t  being t h a t  the shutdown Frocess be fue l  r i ch .  
This requires t h a t  the ox id izer  valve s ta r t s  f i r s t  and closes as f a s t  

as o r  f as te r  than the fuel valve. The data presented i n  Figures 
2.4.6.-5, -6 and -7 and Table 2.4.6-1 assumes t h a t  both valves s t a r t  
a t  the same time. Fcr fue l  r i c h  c los ing tl’mes o f  -20 sec or greater, 
pressure surges can be maintained below 750 ps i .  Figure 2.4.6-5 shows 
LOX surge pressures as a funct ion o f  valve c los ing time. Figure 2.4.6-6 
shows the e f f e c t  of the valve c los ing t i m e -  on shutdown impulse. The 
s o l i d  l i n e  represents a deqirable fue l  r i c h  shutdown and the dashed 
por t ion  a.LOX r i c h  shutdown. Obviously the shorter time reduces the 
shutdowm impulse. Clear ly the f u e l  r i c h  condi t ion could be maintained 
by c los ing both valves i n  the same t i m e  bu t  delaying the i n i t i a t i o n  o f  
the fuel c los ing by .1 - 2 5  second. Figure 2.4.6-7 shows analog traces 
for 3 t yp i ca l  shut sequences. 

However, excessively long LOX opening times r e s u l t  i n  excessive 

This f s  shown i n  Figure 2.4.6-2. 

The data o f  Figures 2.4.6-1 and -2 are cross p lo t ted  i n  Figure 

vo 

L 

i 

I 
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SHUT DOWH SEQUENCE I 
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2.4.7 POGO Assessment 

' 

8 

A preliminary POGO assessment o f  the Space Shuttle u s i n g  the TRW 

1200K LOX/RP-1 regeneratively cooled engine has been made. 
2.4.7-1 shows a typical interactton block diagram for a POGO analysis. 
The interactions are many and quite complex requiring a good definition 
o f  a l l  subsystems. In the absence of definitive da ta  on the feedsystem 
(e.g. , bellows, elbows, joints, line attack points) and adeqtlate 
structural da ta ,  a relatively simple POGO model was constructed and 
analyzed. The engine equations and parameters used were those presented 
in Reference 1 updated slightly. 
o f  this section. 

Figure 

All equations are l isted a t  the end 

The LCIX feedlines were assumed t o  be 50 f t .  long. With  an effective 
acoustic velocity of = 68 cps for an effective acoustic velocity of 
4000 ft/sec. Both of the feedlines were represented i n  the analysis by 
a rationally selected set  of "organ pipe" modes. 

The structural data used was generated from a relatively siqple 
model (14 nodes, 3 degrees of freedom). The structural modes considered 
were 3 low frequency (6 .5 ,  8.6, 12.3 Hz) mode.; representing the structure 
just  prior t o  burnout .  The structural modes represent the gross exten- 
sional rxdes o f  the structure. The model was not detailed enough to  
represent a separate center engine mode. 

The results show the coupled vehicle/propulsion system t o  be 
potentially unstable i n  the low frequency mode, 5 . 5  Hz. The a d d i t i o n  
of a l x g e  gas fi l led accunulator, the " f ix"  used i n  the past  on Saturn 
IC ana Titan II/Gemini, can stabtlize the system for the modes considered. 

3 

Reference 1 - "Feasibility Study of a Pressure Fed Engine far a Water 
Recoverable Space Shuttle Booster" , NAS 8-28218, 
19 January 1972. 

2-1 86 



4 
i 

I 

Open loop phase-gatn p lo t s  f o r  the f i xed  and unfixed cases a r e  
shown i n  Figure 2.4.7-2. The p lo ts  show the f requexy  response o f  the 
open loop t rans fer  function, TOut/TIn, p lo t ted  w i th  phase and gain as 
the abscisa and ordinate respect ively w i th  frequency as the parameter. 
S t a b i l i t y  i s  determined by t ravers ing the p l o t  i n  the d i rec t i on  o f  
increasing frequency. 
r i g h t  a t  zero phase the system i s  ;table. Otherwise the system i s  
uns tab1 e. 

I f  the o r i g i n  (0 db, 0 phase) remains t o  the 

I n  l i g h t  o f  the prel tminary nature o f  a l l  inputs, engine, feedline 
and s t ruc tu ra l  data, the main conclusions t o  be drawn are t!-tat chs 

poten t ia l  problem ex i s t s  (as ; t  would f o r  any l i q u i d  booster) and tha t  
proverr means irre avai lab le f o r  cor rec t ive  actions. I t  should also be 
noted tha t  the previously discussed dynamic analysis o f  the pressure 
fed engine s h m d  a s i g n i f i c a n t  at tenuat ion o f  tank bottom pressure 

osc i l l a t i ons  i n  the 3-10 Hz frequency range. I n  f a c t  the -10 db 

reduction makes the p o s s i b i l i t y  o f  POGO problems marginal even without 
the use o f  preventattve destgn i n  the basic feed system/structural 

layout, Addit ional l i n e a r  analysis has indicated a chamber pressure 
t o  tank pressure funct ion as shown i n  ecjua,:ions ( I )  and (2) below which 
fu r the r  substantiates the non-1 inear  analog coIl.puter analysis: 

f c 
w 

i 

nPC +: 0.43 
+ 1  + 1  Z F  (m )(& )(&+') 

0.24 
bP= TF (7+)(&)(m + 1 )  

The resu l t i ng  Bode p l o t  indicates an attenuated low frequency 
response as shown i n  the system dynamic analyses. 
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Figure 2.4.7-2. Phase Gain Plot  
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POGO EQUATIONS AND PARAMETERS 

The set of 

feed/propulsion 

1. 

2. 

3. 

4. 

5. 

6. 

?. 

8. 

9. 

2 f = Pfhf L, 

p = Poho to 

3 

0 
@ S ’ A  po-“o 

pollo (s2 + 

(S2 + 

PfRf s2 €3 0 

l inear ized  equaitons describing the coupled propellant 

system of the pressure fed booster are given below: 

3 
s2 9, 

n = l  

n = l  

= P  - P  
so to 

2 
2 5 0  (“‘lo S + wlo ) A1 = 2(P so  + Pto )  

2 
so - P t c )  S + w20 ) A2 = 2(P w20 

= P  - P  
so t o  

“af 0 !S2 . + 

3 

2 
& % l f  3 r  S l f S  + W l f  B1 = 3 t P  f ? 

- “ s f  tf 

n = l  

n= 1 

10. P = P - (R  + L S) isDo 
C so 0 0 

f low con t inu i t v 1 
chamber flow I 

L 
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t 
5 

chamber pressure 
* e  

12. C (WDc + i&) = IAtg(l + e S )  e 

13. T = 7 i C ~ A ~ P ~  - a 0 P so - afPsf] I net thrust 

14. M1(SL + 25 R S + .QF) q1 = al(e)T 1 1  

15. M2(S2 + 2c2R2S + a,) 2 q2 = $2(e)T 
structural response 

2 2 
3 3  3 16. M3(S + 25 R S + R ) q3 = $e(e)T 

The definitions of the terms used in th2 above equations and the 
values of the constant terms are listed below: 

1 

! 
?ariables 
. . .  I 

fluid velocity, at injector end of oxidizer feedline, 

contributed by the rigid body and the first two half-wave 

organ pLpc modes 

fluid velocity, at injector end of fuel feedline, 

contributed by the rigid body and the firsc half-wave 

organ pipe mode 

- i  
1 

* *  

Bo , B1 

chamber pressure 
C 
P 

P P 
sf' so 

tf' to 
P P 

5 1  942 943 

fuel, oxidizer, engine inlet pressure 

fuel, oxidizer, tank bottom pressure 

generalized coordinates of structural modes 
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S LaDlace variable. 

net thrust T 

fuel and oxidizer chamber flow rates "Df "Do 

Constants 
2 throat area of engine nozzle; 3750 in 

3 t 
A 

2 fuel feedline area; 240 in f a 

' 1  2 oxidizer feedline area: 223 in a 
0 

i 
3 
i 

2 oxidizer inlet compliance; 0, -79 in C 

C* characteristic velocity; 70,500 in/sec 

2 
acceleration of gravity; 386 in/sec 

height of fluid in fuel tank; 10 in, oxidizer tank; 15 in hf 'ho 
2 2  fuel engine inertance; .006 sec /in , oxidizer engine 

icertance; .Oil02 sec /in 
2 2  

Lf P L 0  
. .. k 
.. 
I 

length of fuel line; 353 in; cxidizer line; 600 in 

generalized mass of structural modes; 1 lb -2/in 

fuel engine resistance;. 163 sec/in , oxidizer engine resistance 

,058 sec/in 

2 

2 

damping (fraction of critical) in structural modes; .01 

damping (fraction of critical) in fuel orge3 pipe mode; -01 
If 5 

Damping (fraction of critical) in oxidizer organ p i p e  modes; .01 

2 4  fuel mass density; ,000075 lb sec /in ; oxidizer mass density; 

,0001 lb sec /in 2 4  
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c $l(e),$2(e),p3(e) modal displacement in structural modes, of engine 

.0168, .0078, .0028 

@l(f), $2(f), 4 g ( f )  modal displacement in structural modes, of fuel 

tank .0157, .0069, .0021 

$l(o), $2(o), $3(o) modal displacement in structural modes, oxidizer 

tank .0165, .0076, .0026. 

Q1,Q2’Q3 structural modal frequencies; 46.7, 53.7, 77.3 rad/sec 

fuel line organ pipe modal frequency, 434 rad/sec Wlf 

10’w20 w oxidizer line organ pipe modal frequencies; 136,272 rad/sec 

I 

-- 
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2.4.8 Freauencies and Mode Shabes o f  Enaine 

f 

I 

t 

. ' r  

The f i r s t  two frequencies and mode shapes f o r  l a t e r a l  bending 
o f  the gimbal mounted engine were determined. The analysis i s  based on 

the membrane stresses o f  the nozzle, the throat,  the chamber and the con- 
i c a l  support o f  the head end. For the nozzle, the th roa t  and the chambe, , 
the membrane consists o f  a she l l  w i th  a thickness determined by the cross- 
sectional me ta l l i c  area o f  the cool ing tubes and she l l .  The membrane 
stresses are the tension and compression stresses caused by bending 
moments and the shear stresses caused by l a t e r a l  forces. Both t rans la-  
t i ona l  and ro ta t i ona l  mass propert ies o f  the wet s t ruc tu re  are included 
i n  the mass d i s t r i b u t i o n  o f  the engine. 

by pa r t i t i on ing  the she l l  s t ructure i n t o  17 conical frustra. A computer 
program i s  used f o -  determining mode shapes and frequencies. The f r e -  
quency o f  the f i r s t  mode i s  22 Hz and the frequency o f  the second mode 
i s  94 Hz. 
mode srlapes . 

The mathematical model i s  a lumped mass-structure model obtained 

Table 2.4.8-1 shows the d i s t r i b u t i o n  o f  mass propert ies and the 

t 
2.4.9 - Structura l  and Dynavi c Limi t Load Envelope 

A prel iminary design load envelope f o r  the PFE i s  presented i n  
Figure 2.4.94, showing the condit ion, the actual loading, and how tha t  
loading i s  appl ied t o  the engine. A l l  engine s t ruc tu re  i s  designed t o  
the loads presented plus the appropriate safety  factors  speci f ied except 
the "water slap" loading condit ion. Because water s lap loads are severe, 
a u n i t  load condi t ion o f  100 ps i  has been assumed and res t l l t i ng  loads 
tabulated. Designing an engine t o  withstand water s lap loads, which 
probably w i l l  be several times the assumed u n i t  loading, would no t  be 
prudent; therefore, TRW has assumed t h a t  the booster system w i l l  be 
designed t o  prevent "water slap" pressure loads from reaching the engine. 
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Coni cal 
Frustra 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 4  

15 

16 

17 

Table 2.4.8-1 

DISTRIBUTION OF MASS PROPERTIES AND MODE SHAPES 

Par t i t i on ing  
Stations 

(From Gimbal 
h i s )  

15.0 

22.0 

29.5 

39.1 

51.3 

66.3 

81.3 

96.3 

110.1 

123.9 

135.3 

147.4 

160.9 

176.2 

194.1 

214.2 

236.7 

261 . 5 

Weight 
lbs. 

181 

27 2 

448 

634 

370 

370 

370 

31 2 

255 

236 

278 

3 50 

426 

482 

520 

529 

1343 

Moda 1 Trans 1 a t  i ona 1 
D i  s p l  ac ement I ner t  i a 

lo3  l b - i n  2 1s t  = 22 Mode HZ 

49 

193 

31 4 

745 

435 

435 

43 5 

274 

172 

142 

21 2 

340 

541 

795 

1070 

1330 

391 5 

0 

0.03 

0.05 

0.07 

0.10 

0.14 

0. I 9  

0.24 

0.27 

0.32 

0.36 

0.42 

0.49 

0.57 

0.66 

0.76 

0.87 

1.00 

2nd Mode 
f = 94 Hz 

0 

0.09 

0.17 

0.24 

0.31 

0.45 

0.59 

0.72 

0.86 

0.98 

1 .oo 
0.94 

0.83 

0.67 

0.47 

0.21 

-0.10 

-0.46 

c 
!” - 

a 
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I 1 

STRUCTURAL AN0 DYNAMIC L I M I T  LOA0 ENVELOPE 
I 

-. 
I 

THERML 
LOAOS 

I -  
. -  . - .~ - ._. 

I 

.. . - . i 

PRELAUNCH -15,500 360 , 380 14.7 

LAUNCH t 2 . 4 ~ 1 0  1440 ' 1520 275 

ASCENT 

SHUTDOWN 

6 

_. . . - .. . ---_t--.- -.-_____-_ 

.. _. 
SEPARATION ,, Cool i ng 
ENTRY 

. . - . . . . , 

14.7 
14.7 

0 14.7 ,14.7 14.7 
REFURBISHMENT 
AN0 ERECTION I 

NOTE: S e l f  excited vibrat ion spectrum must be established by t e s t .  Enaine resonant 
frequencies a r e  20 Hz (nozzle b e l l  mode) and 22 HZ ( l a t e r a l  hending mode). 

. . . - -. - - . ~ ~ . . ~ . ~  - -  

! ** NOTE: A l l  water slap loads are based on an assumed 100 psi  water pressure. 

Figure 2.4.9-1 . Structural  Loading and Qynamic ! A n i t s  
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f 2.4.10 Structural Requirements for Nozzle 

Because of the a i f f i cu l ty  i n  accurately determining the water impact 
pressures , a prel irni nary notzl e structure design i s presented i n the fo l  1 ow- 
i n g  section for a 100 psi load act ing over a 90' quadrant o f  the nozzle. 
This pressure level is unconservative based on the data presented i n  Section 
2.3; however, even a t  this "relatively" low load, i t  clearly demonstrates 
a need t o  sutdy alternative solutions t o  the nozzle impact problem (such as 
restricting impacts to pitch angles less than 10' and providing a means to  
prevent secondary rebound caused by buoyant force b u .  ht  up during the deep 
water penetration a t  t h a t  angl e) 

Assume the following engine configuration as shown i n  Figure 2.4.10-1. 
The pressure load is resisted i n  r i n g  shear as indicated i n  Figure 2.4.10-2. 
The resulting bending moments (M) and transverse shear (Q) require a honey- 
comb type structure a s  shown i n  Figure 2.4.10-3. 
quirements for  the nozzle structure, the thrust skirt or gimbal structure 
must be substantial to resist  the cantilevered moments created by the water 
pressures. 

In addition t o  these re- 

In summary, the nozzle structure can be designed t o  with- tand directly 
the water impact pressures, b u t  the penalties are severe: 

a )  Increased complexity and cost o f  engines; 
b)  Weight penalty - 3000 t o  10,000 lb per engine which, when consider- 

i n g  a cluster o f  7 engines, becomes 20,000 t o  70,000 l b  per booster; 
c)  Increased weight and complexity o f  engine support structure. 

Unfortunately, a protective skir t  around the engine cluster ::ill probably 
result i n  a similar overall weight penalty because such a strtjctdre will be 
subjected t o  similar hydrodynamic loads. 

.- 

e 
$ .' . , 
1 

c 

- 
'\ , 
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1- 192" 

/ 

ENGINE SIZE THRUST SKIRT 

I 

I 

I 

Figure 2.4.10-1. Assumed Nozzle for Slapdown Load Analysis 

N 

t igure 2.4.10-2. Force, Moment Loading i n  N o z l e  

9 
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! 2.4.11 Engine Pre-cant Angle Effects - 

The effects of mounting the outboard engines such t h a t  the 
nominal thrust vector is canted inboard toward the vehicle center line 
hdve been briefly investigated. The msults led t o  conclusions w h i c h  
are basical ly  the same i n  nature as those drawn frov the water s lap  

pr2ssure effects caused by splash down, however, they are of a much 
1 ower magnitude. 

the engi,ie from direct impingement of the atmosphere d u r i n g  re-entry by 

protection. 

effects of pre-cant angle on engine weight and complexity: 

The basic conclusian is tha t  i t  is highly desirable t o  protect 

t being certain the vehicle boattail extends f a r  enough a f t  t o  afford such 

There were two general areas investigated i n  determining the 

1. Structural Mounting 
2. Aerodynamic Load 1 ny 

I t  was assumed tha t  the structural in,sface would be the same 
for each engine whether center engine or  outboard engine. T h i s  seems 
prudent as i t  would allow maximum flexibil i ty i n  engine usage dur ing  
operations. With identical structural interfsces, the primary engine 
loading, thrust loads, will be the same for each ins t a l l a t ion ,  hewe no 
effect on engine weight. 

For aerodynamic loading on the nozzle, two conditions are of 
importance; dur ing  launch a t  maximum aerodynamic pressure and d u r i n g  
re-entry. 

The normai aerodynamic pressures a t  max q (assuming minimum 
nozzle protection from the vehicle boa t t a i l )  are the cri t ical  collapse 
loads on the nozzle structure. Gas expandins off the boat ta i l  impinges 
on the nozzle w i t h  a velocity vector angle only 3 degrees from normal t o  
the nozzle contour. Gimballing the engine through 6 degrees rotates the 
nozzle throrlgh the normal impingement angle, hence this pressure is the 
designing conditio.i. Pre-canting tke engine up t o  10 degrees will have no 
effect on the maximum p!*tssure a t  the nozzle. 

F r the re-entry condition, conditions are basically the same, 
however, t h 2  impingement pressures are substantially increased. Instead 
of an impingement pressure o f  0.5 P S I D  experienced a t  max q, the re-entry 

3 I 
I t- 

i 

I 
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pressure i s  18.1 PSID, a l l  other things being equal. This higher pres- 

sur? would irr,pose a substant ia l  weight penalty on the engine. Even so 
the heavier nozzle could not  withstand water impact slap pressure. 

2.4.12 Star t ing  Side Load Results 

An analysis of the PFE start-up side loads was made. These resu l ts  
are believed t o  be extremely conservative ( the predicted forces are too 
high) since previous independent analysis performed by Boeing and TRbJ have 
shown ana ly t i ca l  resu l t s  f o r  t h i s  type o f  analysis are much higher than 
avai lab le experimental data. 
and chamber pressure o f  i n te res t  indicates a maxiinurn s ide fo rce  o f  about 
68,000 l b  can ex is t .  This i s  less than the PFE LITVC fo rce  requirements 
and consequently the ex i s t i ng  PFE conf igurat ion should be able t o  accom- 
modate start-up side loads. 

Scaling o f  the ava i lab le  data t o  the th rus t  

Calculat ions were based on the fol lowing: 

a Start-up t rans ien t  iakzn fmm dynamic ana!ysiS 

a Separation pressures based on Green’s equation: 

.92 P - Ps 
0 - - .525 (t) 

C 
P 

= ambient pressure 

= nozzle w a l l  s t a t i c  pressure pS 
P = chamber pressure 

C 

0 Atmospheric pressures e x i s t  downstream o f  the separation po in t  
0 Only one s ide o f  the nozzle separates (maximum side torque) 
0 Area over which separation pressure acts i s  based on a three 

dimensional po in t  source shock w i th  the h a l f  angle equal t o  
the nozzle wa l l  divergence angie. 

0 Moment arm based on a 274.5 inch long engine (Drawing X409594). 

The theoret ica l  resu l t s  are presented i n  Figure 2.4.12-1 and shows 
the force and torque as a funct ion o f  time. As the chamber pressure 
rises the separation po in t  moves dcwn the nozzle, the 3-dimensional 
shock angle decreases, and the und is tu rbd  f low f i e l d  pressure increases 
thereby rap id l y  reducing both the generated force and torque. 

n 

i 
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Figure 2.4.12-1. Predicted Start-up Loads 
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( 2.5 MATERIALS SELECTION AND QARTS SUMMARY 

Selection o f  the primary mater ia ls f o r  the PFE required consideration 
o f  many factors.  The primary consideration was, o f  course, t o t a l  program 
cost. Each o f  the factors  l i s t e d  below and t h e i r  e f f e c t  on t o t a l  program 
cost were considered f o r  several d i f f e r e n t  metals f o r  each p a r t  o f  the PFE. 

0 Fracture toughness 
a 

0 Thenad! propert ies 
0 Strength propert ies 
0 Fabricabi 1 i ty 

0 A v z i l a b i l i t y  
0 Corrosion resistance 

- '*I cycle fa t igue l i m i t s  

The metal chosen f o r  most o f  the primary par ts  i n  Inconel 718. Inconel 
was chosen over 6A1-4V Titanium, A-286 Cres, and 347 Cres because i t  provides 
the minimum t o t a l  cost  program. Inconel 718 provides the resistance t o  cor- 
rosion, stress corrosion, and e l e c t r o l y t i c  corrosion, plus i t  has the tough- 
ness and physical propert ies t o  al low extended reuse o f  the PFE. 

The propert ies o f  Inconel 718 are l i s t e d  i n  Table 2.5-1. Subsequent 
t o  the tab le  o f  propert ies i s  a de ta i led  par ts  l i s t  f o r  the candidate PFE 
w i th  the chosen mater ia l  f o r  each p a r t  i den t i f i ed ,  Table 2.5-2. 

2.6 BELLOWS DESIGN 

There are four  major bellows used i n  the candidate PFE propel lant  system 
( locat ions shown ;n Figure 2.1.1-1) and one i n  the swivel nozzle a l te rna te  
candidate PFE fue l  system i s  i den t i ca l  i n  design t o  the temperature compen- 
sat ing bellows i n  the candidate PFE fue l  system. 

A l l  bellows are o f  the convoluted metal tube design, three-ply; each 
p l y  i s  0.016 inch th i ck  o f  Inconel 718. The number and s i ze  o f  convolutions 
vary w i th  appl icat ion.  

Oxidizer Gimbal Bellows 

The ox id izer  gimbal bellows i s  located on the center l ine  o f  the engine 
j u s t  downstream o f  the ox id izer  i n te r face  f lange at, the point where the ~ W G  

gimbal axes in tersect .  This bellows allows the ox id izer  i n l e t  pipe t o  bend e- a 

i 
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LEVEL 3 F  
ASS EMB LY 
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X 
X 

X 

X 
X 
X 
X 
x 
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X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
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X 

X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
I 

X 
X 
X 
X 
X 

T a b l e  2.5-2. C a n d i d a t e  PFE P a r t s / M a t e r i a l s  L i s t  

PART NAME 

ENGINE ASSY 
CHAMBER ASSY 

TUBE -COOLING 
JACKET, CHAMBER 
HOOP - NOZZLE, 1 s t  
HOOP - NOZZLE, 2nd 
HOOP - NOZZLE, 3rd 
HOOP - NP'ZLE, 4 th  
HOOP - NOZZLE, 5th 
HOOP - NOZZLE, 6 th  
HOOP - NOZZLE, 7 th  
HOOP - NOZZLE, 8th 
RING, STIFFENING - NOZZLE 
MANIFOLD ASSY - FUEL D I S T R I B U T I O N  
FLANGE - TUBE 
SCROLL, MANIFOLD 
TUBE, EXPANSION 
BAND - TUBE RETAINING 
HOOP - MANIFOLD SLOTTED 
FLANGE, INJECTOR 
VANE, FUEL RING SUPPORT 
SUPPORT, FUEL RING 
TUBE - TEA INJECTION 
MANIFOLD - TEA 
FLANGE - THRUST MOUNT 
FUEL METERING R I N G  ASSY 
TUBE , METERING 
FLANGE - TUBE SUPPORT 
F A I R I N G  - METERING R I N G  

BRACKET - P I P E  SUPPORT 

PORT - PRIMTNG 

FUEL P I P E  ASSY -TEMPERATURE COMPENSATING 

BELLOMS - TEMPERATURE COMPENSATING , FUEL 

TUBE FUEL, UPPER 
TUBE FUEL, LOWER 
FLANGE - UPPER . 
FLANGE - LOWER 
FUEL P I P E  ASSY - GIMBALLING 
TUBE, FUEL, LOWER 
ELBOW, FUEL 
BELLOWS, FUEL - GIMBALLING 
ELBOW - FUEL I N L E T  

FLANGE - LOWER 
FLANGE , I N L E T  

MATERIAL 

INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 

347 CRES 
347 CRES 
347 CRES 

INCONEL 718 
PURCHASED (INCONEL 718) 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 

INCONEL 2 1 8  
INCONEL 718 
PURCHASED ( INCONEL 718) 
INCONEL 718 
INCONEL 718 
INCONEL 718 

r 
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Table 2.5-2 Continued 

PART NAME 
LEVEL OF 
ASSEMBLY MATERIAL 
I 

X 

X 

X 
X 

X 

X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 

X 
X 
- 

X 
X 
X 
X 
X 

X 
X 
X 
X 

Tt 
Tt 
C( 
FI 
FI 
WI 
GI 
B I  
BI  
BI  
P1 
RI 

{RUST MOUrJf AND GIMBAL R I N G  ASSY 
{RUST CONE ASSY 
)NE - THRUST MOUNT 
,ANGE - CHAMBER ATTACd 
,ANGE - I BEAM 
’k - I BEAM 
k S E T S  - I BEAM 
W K E T  - BEARING, ENGINE S I D E  
3ACKET - BEARING, VEHICLE S I N  
%RING - GIMBAL 
EN - BEARING 
ITAINER-BEARING P I N  

GIMBAL R I N G  ASSY 

PLATE, BEARING 
TOROID - GIMBAL R ING 

CAP - BEARING PLATE 
MOUNT - BEARING RETAINER P I N  
I N L E T  TUBE - O X I D I Z E R  
FLANGE - INTERFACE 
TUBE, UPPER 
BELLOWS, OXID IZER GIMBALLING 
TUBE - LOWER 
FLANGE - LOWER 
BRACKET - GIMBAL ACTUATOR 
RING ASSY - INJECTOR SUPPORT 
RING - INNER 
RING - OUTER 
VANE - INJECTOR R I N G  

TUBE - INNER P I N T L E  
RING - OXIDIZER SLOT 
TUBE - OUTER P INTLE 
COVER - P I N T L E  T I P  
GUSSET - P I N T L E  T I P  
TUBE - F I L M  COOLING, P I N T L E  T I P  
METERING D I S C  - F I L M  COOLING, P I N T L E  T I P  
P I C K  UP, O X I D I Z E R  - F I L M  COOLING 
CONE, OXIDIZER-FLOW DIV IDER,  P I N T L E  T I P  
SHELL, CURVED - OXIDIZER FLOW DIV IDER,  

FLANGE, I N L E T  - P I N T L E  T I P  
FLANGE, ATTACK - P I N T L E  RING, FLANGE 

SUPPORT - P I N T L E  
GUSSETS, ATTACH FU.NGE - P I N T L E  T I P  
SPACER - P I N T L E  TUBE 

P I N T L E  ASSY 

P I N T L E  T I P  

2-206 

INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 716 
INCONEL 718 
INCONEL 718 
PURCHASED 
INCONEL 718 
?04 CRES 

INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
PURCHASED (INCONEL 718) 
INCONEL 718 
INCONEL 718 
INCONEL 718 

INCONEL 718 
INCONEL 718 
INCONEL 718 

INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
INCONEL 718 
I ‘TONEL 718 
;t;X)NEL 718 

INCONEL 718 
INCONEL 718 

INCONEL 718 
INCONEL 718 
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Table 2.5-2 Continued 

I 

2 

. 
t -  
- a  d 

- - .  

L 

a 

LEVEL OF 
ASSEMBLY 
I 

X 
X 
X 
X 

X 

X - 

X 
X 
X 

PART NAME 

SHUTOFF VALVE - O X I D I Z E R  
>HUTOFF VALVE - FUEL 
LINE ASSY - SUPPLY, VALVE ACTUATOR 
CYLINDER ASSY - HYPERGOLIC SLUG 
CYLINDER - HYPERGOLIC SLUG 
CARTRIDGE - HYPERGOLIC SLUG 
SHUTOFF VALVE - HYPERGOLIC SLUG 
LINE ASSY - FUEL PRESSURANT, HYPERGOLIC 

LINE ASSY - IiYPERGOL DELIVERY 
SLUG CYLINCER 

- 

- 

MATERIAL 

PURCHASED 
PUXCHASED 

as the  engine i s  gimballed. 
bellows as there  i s  no r e q u i m e n t  t o  ca r ry  loads across the  j o i n t .  
loads are  thus fed  i n t o  the  i n j e c t o r  on the downstream s ide  and i n to  the 
veh ic le  i n t e r f a c e  f lange on the upstream side. The bellows i s  requi red t o  
f l e x  i n  any d i rec t i on ,  s ince the engine can be gimballed t o  vector  the 
t h r u s t  i n  any d i rec t i on ;  t h i s  d i f f e r s  from the  f u e l  bellows discussed below 
which are  requied t o  f l e x  on ly  i n  one d i r e c t i o n  o r  on l y  about one ax is .  

iio r e s t r a i n i n g  device i s  incorporated i n  h i s  
Pressure 

An i n t e r n a l  sleeve or l i n e r  i s  incorporated i n  a l l  the  gimbal bellows 
t o  i s o l a t e  the f lowing prope l lan ts  from the  convolut ions. 
as documented by Saturn experience and by Southwest Research I n s t i t u t e ' s  
"Study o f  Minimum Pressure Loss i n  High Ve loc i t y  Duct Systems," has shown 
t h a t  f l u i d  f l ow  over the convolut ions sets up v ib ra t i ons  i n  the convolut ions 
which ser ious ly  reduce the  f a t i g u e  l i f e  o f  the  bellows and increase the 
pressure drop. The l i n e r s  shown i n  Figures 2.6-1, 2.6-2, o r  2.6-3 w i l l  
e l im ina te  t h i s  problem. Figure 2.6-1 shows a sleeve g f  woven w i re  mesh, 
Figure 2.6-2 an i n te r l ocked  s p i r a l  wound f l e x i b l e  metal tube, and Figure 
2.6-3 two sheet metal tubes jo ined by a spher ical  b a l l  j o i n t .  The downstream 
end o f  a l l  are f r e e  t o  s l i d e  t o  compensate f o r  changes o f  leng th  due t o  f l e x -  
ing  and other  loads. The o x i d i z e r  bellows i s  covered w i t h  a Mylar sleeve t o  
prevent f r o s t  format ion between bel lows convolut ions which could cause damage 
t o  the bellows i f  the  engine i s  gimbal led a f t e r  l i f t o f f .  Since t h i s  sect ion 
o f  the o x i d i z e r  system contains l i q u i d  oxygen p r i o r  t o  i g n i t i o n  f o r ,  as ye t ,  

Past experience, 
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OXIDIZER INTEGFACE. fLANG€-’ 

BELLOW5 2 LAYtRS fJl’r’LAk SHtET 
CLAMPED AT BOTH ENDS 45 C@N\ 
WITH SLACK FOR DUCT 16.25 1.C 
MOT ION 

LFROST SHIELD 

/- WIhE MESH LINER 
/ ’ BRAZED TO DUCT 

DETAIL A 

I 
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. 

- + - - -  

-1 11.16 --.-- ~- 

NOMINAL LENGTH I 
I 

I 

\ 

I 
i 
f 

BELLOWS - 3 PLY 
'FROST SHIELD \ 

2 LAYtHS MYLAFi SHtET 
CLAMPED AT BOTH ENDS 45 CCINVOLUTIONS 
WITH SLACK FOR DUCT 16.25 I.D. 
MOT ION 

WIRE MESH LINER 
BRAZED TO DUCT /- 

/ 

-STRIP BRAZEC TO LINER 
LINER FREE TO SLlbE IN DUCT 

3 

DETAIL 6 
DETAIL A 

Figure 2.6-1. Oxidizer Bellows with 
Wire Mesh Liner, 1200K PFE 
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al. ti:. stawn period, there the possibi ' l i  ty of considerable frost buildup 

if ambient a i r  i s  allowed t 3  co t a c t  the bellows. Water vapor trapped in-  

side the Xylar sleeve w i l l  cause a negl ig ib le  amount o f  f r o s t  direct:y on 
the bellows convolutions, while the major amount w i l l  bu i ld  up on the out- 

side o f  the sleeve where i t  can do no damage. 

Fuel Gimbal Bellows 

Figure 2.6-4 shows the fue l  gimbal bellows. There are two required, 

one on each gimbal a x ' s  (See Figure 2.1.1-1). They al low the fuel  l i n e  to  
bend along the gimbal axes when the engine i s  gimballed. They incorporate 

an external hinge restraining devics t o  carry the fue l  pressure load across 

the bellows. This device, being hinged, also determines where the bellows 
p ivo t  axis w i l l  be. 

As i n  the oxidizer bellows, an in ternal  sleeve o r  l i n e r  i s  required. 
Figure 2.6-4 i, shown with a spherical b a l l  j o i n t ,  but the other designs 
r,ientioneli .'d alsa be used. 

Fuel Temperature Coapensati nq Bel lows - 
As the combustion chamber and nozzle heat up during operation, t h e i r  

length increases approximately 1-1/4 inches. Since the duct which del ivers 
fue l  t o  the fue l  manifold a t  the e x i t  plane remains 
(+65'F t o  165OF), t h i s  dif ference must be compensated fo r .  This i s  accom- 
plished with & bellows which i s  f ree t o  expand while carrying the prezsure 
induced loads and l a t e r a l  v ibrat ion loads across t h i s  j o i n t .  Such a beliows 
i s  shown i n  Figure 2.6-5. 
2.1.1-1. A schematic representation o f  the bellows i s  shown i n  Figure- 

2.6-6. Area 2 exerts a load through the fingers o r  t i e  rods t o  balavce 
the pressure induced load i n  the pipe, which has become unbalanced by cut- 

t i ng  the pipe. The fue l  bellows do not require a f r o s t  sh ie ld  since the 
m i  nirnum f ue* temperature i s  +65OF . 

fue l  temperature 

I t s  locat ion on the engine i s  shown i n  Figure 
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Figure 2.6-4. Fuel Bellows w i t h  Ball Jo in t  Liner, 1200K PFE 
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Axial tie rods 
locoted alternotely ,- Are0 2 = 2 times Area 1 

oround 
circumference 7, 

Figure 2.6-6. Schematic o f  Fuel Temperature Compensating 
Bel 1 ows 
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2.7 SEAL DESIGN 

! I 1 NAME 

1 
f 

There are 9 major seals in the Candidate P F i  ..rain propellant system 
wh':h are all static face seals. 8 1  

E 

The location o f  these 9 major seals is  shown in Figure 2.7-1 and are 
i listed as follows w i t h  their approximate overall diameters: 

7 

MEAN 
D I A .  

5 ' I Fuel injection flange seal 
6 Oxidizer interface seal 
7 Oxidizer shutoff valve flange seal 
& ! Oxidizer shutoff valve flange seal 

I 
2 i Fuel shut-off valve flange seal 
2 Fuel shut-off valve flange seal 
4 Fuel injection flange seal 

37.6 
17.5 
17.5 
17.5 

15.5 
15.5 
37.0 

- ?  

i 

f 

Table 2.7-1 presents a summary of important factors affecting the PFE 
seal selection criteria. 

2.7.1 Seal Configuration 
- A large number of seal configurations and vendors are available t o  

select the PFE seals from. A listing o f  these i s  presented in Table 
2.7.2-1. 

2.7.2 Seal Materials Selectlon 

Metallk, non-metallic, plated o r  coated metallic, and composite materials 
w ,1 be csnsidered for use in the propellant system seals. 

h d i d a t e  relaterials are shown in Table 2.7.3-1. Standard plating and 
c -. \. r + C i c  seals are shown in Table 2.7.3-2. 

- +- A i n g  material/configuration combination for  the fuel side 

I .  4 -1, * s Jrnpjtible with JP-5 and other hydrocarbon fuels. Storage, 

i " r i l e  rubber "0" ring: per MIL-P-5315, which states t h a t  

2-218 
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Storage Conditions 

Storage Durat ion @ 
. . . . . . . . . . . .  

Table 2.7-1 Factors A f f e c t i n g  Seal Performance 

-65°F t o  +165"F @ 100% Re la t i ve  Humidity 
@ 2.5 t o  15 PSIA 

1 . .- 

8 years I 

- - -  - ~ - . ._ -___-_---____ FaZ;tor_-- ... -_ . . .  

--- Seal ed medium 
Sealed Medium 
Tempera t u  r e  
Sealed Medium Operating 
Pressure 
Sealed Medium Maximum 
Surge Pressures 

. _- _- __--- 

. . . . . .  _I__.-I_ -_-_ . . . . .  

. . - . .-. - - - - - - . . . . .  

. . . .  

Mission Burn Time 
S a l t  Water Emersion 
Durat ion . . -.  

Storage Time Between 
Missions . 

.... - -  

- 

... _.-- 

380 PSIA  Max. 

1 

1 
150 seconds 

48 Maximum hours per  Mission 

14 days (maximum) 

I 

. . . . . . . . . . . . . . .  

. .  ..... 

1580 PSIA f o r  XX M.S. 

- - - b  
Oxid izer  Side 
L i q u i d  Oxygen 
-297°F Minimum 

380 PSIA Max. 

............. - 
I 

I 
1 
i 
I 

1580 PSIA Max. 
' 

f 

i 
c 

L 
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Table 2 . 7 . 2 - 1 .  Candidate Seal Conf igurat ions  

I 1 

4 ,  I.,,,, 4 /.X 

.* , , 

k 

* ** 
* ** 

** 
. *  

m 

1- 

* 
c c 
'. See  Table 2 

Dependent or size afld material 
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Table 2.7.2-1 Continued 
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* See Table 2 ** Dcpendent on s i te  and material 
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Table 2.7.3-1 Candidate Seal Mater ia ls  

E 

li 
-1 
". 

- .  
. .  
-i 

I 

- -  - .  

- .._ . 

TFE 1 Tc f l on  FEP f 
! 

! -  
! KEL-F 

. __ - . . - _. - - 

_ .  

VITON 

. HYSTL 

_-_ - _. . _ _  . . . . . . . .  Remarks ~ . . .~ . - 

A we l l  known p l a s t i c  considered the  standard 
o r  "State o f  the A r t  M a t e r i z l "  f o r  cryogenic 
seal mater i  a1 s 

A p:astic s i m i l a r  t o  Te f lon  

DuPont t rade name f o r  a 1'1 uor inated hydro- 
carbon elastomer 

. - -  --. - -I _--_. I.-"-._. - .  . . .  

. . .  - .. .- - . .- . . . . . . . . .  ..- . . . . .  

A TRW Propr ie ta ry  polyurethane r e s i n  p l a s t i c  
whi'ch e x h i b i t s  exce l l en t  low temperatwe 
proper t ies  

I 

-. . 
I 
I 
! 

! 
! 

! 
I 

1 AF-E-124D j An experimental pe r f l ou r ina ted  elastomer f 
: developed by 3uPont which i s  compatable w i t h  I 
1 l i q u i d  oxygen and RP-1 I 

I I 
i 

............ .- -.. i A N i t r i l e -  compound manufactured per MIL-P-5315 1 

which 1s used wi'th a t r c r a f t  gasoli'ne and j e t  f u e l s  : 1 
Buna N 

i i - _. _. . .- - - -. - 

i j Stai.nless Steels 

17-4PH 1 P e r c i p i t a t i o n  hardening, h igh s t rength 1 300 Series I Non-heat t r e a t a j l e ,  low st rength 
t 

...... , . .  . .  __ ...... - I 
! 
I i Ni,ckel !.I 7 ;:,ys I 

I l lconel X750}! High strenqth, heat t rea tab le ,  ox ida t i on  re-  
inconel 718 i s i s tan t ,  good s t rength a t  cryogenic temperatures 

1 An irorl-chrome-nickel a l?oy, heat t reatable,  

1 cryogenic temperature 

__ - 
A286 

o x i d i z a t i o n  res i s tan t ,  good s t rength  a t  

b 
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Plating or 
Coating 

f 

Teinpera ture 
Ronqe (OF) 

Table 2.7.3-2. Standard Platings and Coatings for Metallic Seals 
-1 I .  

Silvc: - 325 to + 1650 Excellev; genzral purpose plating for high tbmperoture 
resistance, but generally less suitable for cryogenic 
temperatures than gold 01 Teilon. Excel l w t  c3ernicul 
ond radiation resistance. - 

General Pecommendotions 

PI at inum - 42? to + 3100 

e-- 

Nickel 
(s f t )  

- 325 to + 2500 

- 65 ts .I 45') 

1 
Lead 

I 

Indium - 320 to + 300 

- 
Aluminum - 423 to + 900 

Highest temperature-resistant plating. Normally 
limited to use with ultro +igh temperature base 
metals such as T Z M .  

High temperc+vre-resistont plating but slight sacri- 
fice in  softness and ducti l i ty compared to other 
plo tings. 

Very sol! plating but i imitzd temperature resistmice. 
kxcel lent rodict ion resistonce. 

Very soft plating but limited temp xoture retist.-rcce. 
SuitolJe for cryogenic applications. 

Compatible w i t h  most oxidizers and fuel., but ex- 
tremely cost,y as a ploting material. Particularly 
suitable for !iquid and gaseous fluorine. 

---. 

- --- 

dense. High temperature res:stance lower t'ion Tetlon I ( T W .  

Tin (pJre) 1 - 32 to + 350 

Copper I -423 t0+1100  

I 

i 

-- 
Kel-F - 423 to + 300 Similar to Teflon, but more resi1'- *t  or,d plastic at > low Teflon. temperatures, and generolly ..nancr i n  cost than 

Very ductile, but limited tcmperotce resistonce. 
Usage limiteo '0 a few corrosive chemicals. 

Suitablt for vocuum opp1ica;ions; resistont to 
f luome ond certain other c: rrosive chemicals. 

mL I I VI 
figure 2.7.3-1. Force-Tmperature Diagram o f  

an Elastomer After Inqtial 
Cornpressim Measur ? . n  X 
0-i' Squeeze 

0 

- I S ~  -m -nu -,JO 
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t ransportat ion,  and operat ional  temperature requirement present no problems. 
However, i t  has no t  been demonstrated t h a t  i n s t a l l e d  seals o f  t h i s  compound 
w i l l  operate s a t i s f a c t o r i l y  a f t e r  8 years o f  storage. This w i l l  be an area 
of f u r t h e r  inves t iga t ion .  

The se lec t ion  o f  seals f o r  the ox id i ze r  system presents a more d i f f i c u l t  
problem because o f  the low temperature involved. The conventional s o l u t i o n  
t o  the problem o f  cryogenic seal ing i s  i l l u s t r a t e d  by the number o f  K o r  V 
conf igurat ions using b u i l t  i n  c a n t i l e v e r  spr ing act ion,  g a r t e r  springs, o r  
V spreaders. The m a j o r i t y  use pressure a s s i s t  t o  a i d  ivl sealing. Many 
requ i re  h igh i n s t a l l a t i o n  loads; hence, heavy f langes, extremely f i n e  flange 
surface f in ishes,  a re  sens i t i ve  t o  minor contaminates, can be i n s t a l l e d  only  
once and are  expensive. For extreme tempenture r a y  d i s s i m i l a r  thermal 
expansion between seal and flange preserit a problem. 

The use o f  p l a s t i c s  such as Tef lon  and Kel F i s  a lso  comnon, overcoming 
some o f  the problems o f  rrbetal seals b u t  they are  subjcct  to co ld  f low and 
re laxa t i on  o f  seal pressure as a r e s u l t  o f  temperature cyc l ing .  

A1 though non-metal1 i c s  become b r i t t l e  a t  cryogenic temperatures , the 
f low temperature l i m i t  i s  dependent on t h e i r  app l i ca t ion .  I nves t i ga t i on  o f  
the use o f  elastomers as s t a t i c  seals f o r  cryogenic serv ice by the Nat ional  
Bureau o f  Standards has shown t h a t  i f  the  seal i s  i n i t i a l l y  compressed above 
50 t o  70 percent the seal f o rce  w i l l  no t  go t o  zero a t  the b r i t t l e  p o i n t  
bu t  w i l l  l e v e l  o f f  a t  some constant value. F igure 2.7.3-1 shows force- 
temperature curves f o r  an elastomer a f t e r  various degrees o f  i n i t i a l  com- 
pression measured i n  percent squeeze. 

Impact s e n s i t i v i t y  i n  the presence o f  l i q u i d  oxygen does no t  seem t o  
be a problem because a l l  seals a re  s t a t i c  face seals, completely contained 
w i t h i n  t h e i r  bo l ted  f langes and are  no t  subject  t o  any impacts. 

TRW Systems has completed two seal mater ia l  development t e s t  programs 
f o r  the  ?4ASA Manned Space Center, Houston, Texas (contracts NAS-9-10481 and 
NAS-9-11866) which ind ica ted  t h a t  the mater ia l  c a l l e d  AF-E-124D (a1 though 
s t i l l  experimental) i s  a super ior  cryogenic seal mater ia l .  TRW Systems i s  
present ly  under cont rac t  t o  the same agency (cont rac t  number NAS-9-12500) 
t o  conduct an extensive fo l low-on t e s t  program t o  f u r t h e r  opt imize the  pro- 
p e r t i  es o f  AF-E-1240, VITON, HYSTL, and t h e i  r compounds and t o  t e s t  configured 
seal o f  these mater ia ls  i n  terms o f  Space Shut t le  Service. 

I 

b .- - 3 
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3. PERFORMANCE SUmARY 

3.1 PERFORMANCE PREDICTIONS 

t 

i‘ 

Pressure fed enginc performance was obtained using theore t ica l  s h i f t i n g  
equi 1 i b r i  um performance based on the ODK Program developed by NASA-LRRC 
which u t i l i z e d  JANAF prope-ties. E f f i c i ency  factors  were then applied t o  
account f o r  nonideal behavior. Mathematically t h i s  can be expressed as: 

I (del ivered) = I ( theore t i ca l )  qc* qtc 
SP SP 

where 

- combus ti on e f  f i c i  ency %* 
- th rus t  chamber e f f i c i ency  

?C 

The th rus t  chamber e f f i c i ency  consists o f  recombination losses ( k i n e t i c  10s 
losses), nozzle divergence losses, viscous (drag) e f f i c iency ,  and cool ing 
e f fec ts  . Therefore, 

(del ivered) = I ( t heo re t i ca l )  ~ + + ~ . q ~ ~ ~ . q ~ . ~ ~ ~  
I S P  SP 

where 

- K ine t i c  recombination e f f i c i ency  

- Divergence e f f i c i ency  

- Viscous drag e f f i c i ency  

- Cooling e f f i c i ency  

%E 

‘DI v 

‘7cl 

3.1 1 Theoretical Performance I 

Theoretical performance o f  the Pressure Fed engine was calculated 
using the TRW Rocket Engine Performance Program. The program i s  capable 
o f  providing equi l ibr ium calcu lat ions f o r  a complete se t  o f  thermodynamic 
constraints. The program accepts the weight percents o f  the various 
reactants together w i th  t h e i r  molecular formulas and enthalpies o f  formation. 
Other data, such as T and P, are also input.  The quant i t ies  o f  each element 
are computed and species corresponding t o  the combinations o f  elements 
selected from the thermochemical data tape. The mass balances are se t  up 
f o r  each element and the equi l ibr ium compositions computed under the s t ipu-  
l a ted  thermochemical constraints. 

3- 1 
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The primary data base used by the TRW chemical analysis program was 

provided by the JANAF thermochemical tables. These data inc lude ia format ion 
on a broad range o f  chemical species containing a very representat ive selec- 

t i o n  of the common elements. The JANAF tables emphasize species t h a t  could 
be s i g n i f i c a n t  i n  chemical rocket  exhausts. Since rocket  condi t ions are 

very severe, complex organic molecules are u n l i k e l y  and are no t  included. 

I n  the s p e c i f i c  instance g f  rocket  performance ca lcu la t ions  the chemical 
analysis program automat ical ly appl ies the  fo l l ow ing  procedure. A chamber 

ca lcu la t ion  i s  performed a t  the spec i f ied  pressure and enthalpy (usua l ly  
the enthalpies o f  the propel lants  under feed condi t ions and i n  appropr iate 
combination). f a r  the  prope l lan t  mix i d e n t i f i e d .  
ad iabat ic  expansion a ser ies g f  constant pressure, constant entropy compu- 
ta t ions  are used t o  i t e r a t e  on densi ty  times v e l o c i t y  (pv) t o  de f ine  the 

maximum i d e n t i f y i n g  the th rca t .  A t  the th roa t  and a t  the various nozzle 

po ints  various parameters o f  i r i t e res t  i n  rccke t  design are computed and 

pr inted, such as, t h r u s t  c o e f f i c i e n t  I 
i s t i c  ve loc i ty ,  c*, i s  a lso  computed. The nozzle po in t ,  X, a t  which the 

chemistry and appropr iate pararn'zters are ca lcu lated are spec i f ied  by the user 
i n  terms o f  pressure ra t i os ,  i /Px ,  temperature r a t i o s ,  Tc/Tx, o r  area r a t i o s  

Ax/At. 
t i o n  o f  ad iabat ic  e x p a n s i m  

Under the assumption o f  

etc.  A t  the th roa t  the character- 
SP ' 

.. 
I n  any case the chmi; t ry computations are perforped under the assump- 

3.1.2 Combustion E f f i c i e n a  

The combustion e f f i c i e n c y  o f  the LOX/RP-1 prope l lan t  combination i s  a 
func t ion  o f  combustion length, i n l e t  pressure and temperature, chamber pressure 
and propel lant  residence time. 
meters as w e l l  as combustion e f f i c i e n c y  predic t ions which were based on an 
energy release loss estimated using a NASA-LRRC Program are presented i n  

Section 8.6 c i  t h i s  repor t .  As shown i n  t h i s  section, a combustion e f f i c i e n c y  
o f  95 percent i s  a t ta inab le  w i t h  the  TRW PFE design. 

Deta i l s  o f  the i n t e r r e l a t i o n  o f  these para- 

3.1.3 K ine t i c  E f f i c i ency  

K ine t ic  i n e f f i c i e n c y  resu l t s  from -he presence o f  f i n i t e  recombination 

rates f o r  the prope l lan t  species e x i s t i n g  i n  the nozzle. The TRW One-Dimen- 
s ional  K ine t i c  (ODK) Rocket Engine Performance which conforms t o  the ICRPG 
procedures was used f o r  t h i s  ca lcu la t ion .  

-.? 
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Results o f  t h i s  computer program are shown graphica l ly  i n  Figure- 3.1.3-1 
as functions o f  th roa t  radius, chamber pressure and mixture r a t i o .  
conclusions can be obtained a f t e r  examination o f  these curves: (1) the k i n e t i c  
e f f i c i ency  o f  LOX/RP-1 i s  independent o f  t h rus t  leve l  ( t h roa t  radius) and 
chamber pressure i n  the area o f  in te res t ,  (2) dev ia t ion  from the design 
mixture r a t i o  - +20 percent w i l l  not  s i g n i f i c a n t l y  a f f e c t  the k i n e t i c  e f f i c i ency  
( 3 )  k i n e t i c  e f f i c i ency  i s  v i r t u a l l y  independent o f  area r a t i o .  
use o f  a constant k i n e t i c  e f f i c i ency  i n  trade studies w i l l  be accurate i n  
the design rarrge o f  in te res t .  Addi t ional ly ,  the k i n e t i c  e f f i c i ency  i s  
approximately 99.8 per tent  and represents a vacuum performance loss o f  about 
1/2 second. 

Several 

This suggests 

Nozzle divergence e f f i c i ency  represents a momentum loss due t o  nonaxial 
alignment o f  the nozzle e x i t  gas. TRW Prcgram AF 09D, Nozzle Performance 
Program, was used t o  obtain divergence e f f i c i ency  (=97.7 percent) which was 
then applied t o  the performance. 

t 

Y 

I 

!- 

3.1.5 Viscous Draq Ef f i c iency  

Viscous drag i s  due t o  boundary layer  shear stress a t  the w a l l .  Estimates L 

;" 
o f  the drag e f f i c i e r i e s  were computed from the simultaneous so lu t ion  o f  the 

nozzle due t o  the boundary layer  can be determined from: 

x 

f i n teg ra l  momentum boundary layer. The momentum e f f i c i ency  a t  t ! ie e x i t  o f  the z 

aMx = (e ff 2nr cos cvdL 
Jt 

M - momentum loss 
X 

p - density 
V. - ve loc i t y  
g - grav i ta t iona l  constant 
r - nozzle radius 
CY - nozzle divergence angle 
L - nozzle length 

and t and e subscripts r e f e r  t o  the th roa t  and e x i t  
planes respect i  ve l  y . 
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and the viscous efficiency is: 

AH)( 
= 1 - - 2  0.996 ‘IVlS F 

for a 1,200,000 lb thrusi engine operating a t  25G psia with an 
r a t io  of 5: l .  

3.1.6 Cooling Efficiency 

xpans i on 

In a regenerativelv cooled engine the heat absorbed by the coolant 
will raise i t s  inlet  tempera+we i n t o  the combu;tion with an attendant 
increase i n  enthalpy and performance. As shown in Figure 3.2-1 the rise in 
flame temperature caused by increasing the RP-1 in le t  temperature from 77OF 
t o  3OO0F is only the order of 10°F w i t h  an at tendant  theoretkal performance 
increase o f  about 0.5 seconds. T h i s  performance increase i s  insignificant 
and therefore the cooling efficiency will be taken as 100 percent. 

3.2 PERFORMAIKE RESULTS 

Results of the computer program are presented i n  Figures 3.2-2 and 3.2-3 
Figure 3.2-2 shows the theoretical performance as a function of engine mixture 
ra t io  a t  the design chamber pressure and expansion ra t io .  
occurs a t  a mixture r a t i o  of approximately 2.35:l. 
i s  virtually invarient over the mixture r a t io  range 2.2 t o  2.5. 
shows the performance as a function of area ratio a t  the design m i x t u r e  
ratio and chamber pressure. A theoretical performance of 303.7 sec (Vacuum) 
and 250 sec (S .L . )  i s  forecast. 

Peak performance 
The performance, however 

Figure 3.2-3 

Chemical species and rocket engine design parameters are presented in 
Table 3.1.6-1 
shown in Table -I CO, C02, H2, and H20 will account for  virtually all  of 
the exhaust products. Table - I  also presents design parameters; i .e. ,  
vacuum thrust coefficient (1.6701) , nozzle pressure ratio (27.64) , tempera- 
ture (4413OR), spr:;;ific heat (0.472 BTU/lb-OF) , molecular weight  (23.73 lb/ 
lb-Mol) and enthalpy (-18.562 BTU/lb) which were used for subsequent engine 
design trade-off and optimization studies. 

for both the combustor and a t  an area rat io  of 521. As 
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3. 3 SPECIFIC PERFORPMCE SUMMARY 

PFE performance was estimated f o r  the base1 ine regeneratively cooled 
LOX/RP-1 PFE as follows: 

Theoretical Performance (S.L) 
(Vacuum) 

Combus ti on E f  f i c i  ency 
Kinetic Eff iciency 
D i  vergence E f f  i ciency 
Viscous Drag 
Cool i ng 

Delivered Performance (SOL) 

(Vacuum) 

250.0 SEC 
303.7 SEC 

95.0% 
99.8% 
97.7% 
99.6% 

100.0% 

230.7 SEC 
280.2 SEC 

The above represent nominal delivered performance values a t  a mixture 
r a t i o  of 2.4:1, area r a t i o  of 5:1, and chamber pressure 250 psia. Graphical 
portrayal of the theoretical performance, deviation from theoretical and 
t2l ivered perfoimance ( f o r  both S.L and Vacuum) have been previously pre- 
sented i n  Figures 3.2-2 and 3.2-3 as functions o f  mixture r a t i o  and expan- 
sion area rat io .  Also shown i n  the curves are the difference between the 
nominal delivered performance and 90 percent o f  the theoretical per fownce.  
This difference can be considered a development contingency. Performance 
va r iab i l i t y  due t o  hardware variations was estimated from the equation: 

where 

2 - derivation i n  performance dLe t o  C* measurement uncertainties %* 

, 

r . cion due t o  manufacturing tolerances 

3-1 1 
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- F  E 

. 

uC* was taken from LMDE data as 0.45% and uCF was estimated as 0.11%. 
These values y i e l d  u 

Minimum performance values f o r  the PFE are then 90.88% o f  theore t ica l  
performance o f  227.2 sec a t  sea leve l  and 276.0 a t  vacuum. 

va r ia t i on  o f  0.5% and a 3~ va r ia t i on  o f  1.5%. 
I S P  I S P  

3.4 ENGINE PERFORMANCE SENSITIVITY 

The e f f e c t  o f  changes i n  supply pressure and temperature on mixture 
ra t i o ,  chamber pressure, t h rus t  and speci f ic  impulse has been analyzed f o r  
regeneratively cooled and dust cooled engines a t  three d i f f e ren t  chamber 
pressure levels.  The nominal condit ions are l i s t e d  i n  Figure 3.4-1. The 
equations, derived from d i f f e r e n t i a t i n g  the governing flow, chamber pres- 
sure and th rus t  equations, are tabulated i n  Figure 3.4-2. The resul ts ,  
presented i n  graphical form i n  Figures 3.4-3 through 3.4-14. 
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3.5 ENGINE FMRICATION VAUABILITY 

Analysis o f  the e f fec t  o f  manufacturing tolerances on mixture r a t i o ,  
chamber pressure, t h rus t  and spec i f i c  impulse provides a means o f  r e a l i s t i -  
c a l l y  establ ishing tolerance requirements f o r  ind iv idua l  components. Equa- 
t ions  which were used t o  estimate engine perfomlance s e n s i t i v i t y  t o  engine 
dimensional tolerances and associated nominal values are l i s t e d  i n  Figure 
3.5-1 Tolerances i n  fue l  and ox id izer  i n j e c t i o n  or i f ices,#regen tube wal l  
thickness, and nozzle th roa t  and e x i t  diameters were analyzed. The equatjons 
were established by d i f f e r e n t i a t i n g  the the equations governing flow, chamber 
pressure and thrust ,  d i v id ing  by the dependent var iab le and replacing the 

d i f f e r e n t i a l s  by increments. 
specified parameters are presented graphica l ly  i n  Figures 3.5-2 t o  -4. 
Performance var ia t ions f o r  spec i f i c  tolerances are tabulated i n  Figure 3.5-5. 
Mixture r a t i o  i s  sens i t i ve  t o  the tolerances showns although spec i f i c  impulse 
performance i s  only SI i g h t l y  affected. Overal l  engine performance var ia t ions  
are estimated by taking the square r o o t  o f  the sum o f  the squares (RSS) o f  
the component performance var iat ions.  The mixture r a t i o  var ia t ions  can be 
reduced to less than 1 percent by matching the fue l  gap (by sleeve select ion) 
t o  the measured regen jacke t  pressure drop, and by maintaining the RSS LOX 
s l o t  width tolerance wi th ing 2.005 inch. Tolerances i n  engine th roa t  and 
e x i t  diameters w i t h i n  - +0.5 inches w i l l  l i m i t  t h rus t  va r ia t i on  to $1 percent. 

Performance s e n s i t i v i t y  t o  tolerances i n  the 

3.6 DELIVERED ENGINE VARIABILIT) 

I n  addi t ion t o  the ? f f e c t  o f  component to -  inces on engine per for -  
mance, the i n s t a l  l ed  engine can have addi t ional  performance var iat ions,  
such as tha t  resu l t i ng  from th rus t  vector misalignment. Angular 'mis- 
alignment which can occur a t  d i f f e r e n t  regions i n  the engine are tabulated 
i n  Figure 3.6-1. The top region o f  the engine i s  considered f i x e d  i n  
posi t ion,  w i th  the bottom regions canted clockwise, derecting the th rus t  
vector downwards. The overa l l  engine th rus t  vector misalignment, based 
on the RSS value derived f rom the ind iv idua l  components resu l t s  i n  an 
ax ia l  th rus t  and Isp loss which i s  neg l i g ib le  compared t o  the e f f e c t  o f  
engine component tolerances on engine performance, (Section 3.5). 
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t Performance V a r i a t i o n  (%) 

To1 erances 
( inches) - pC I 2v. Parameter F - 

I n j e c t i o n  O r i f i c e s  

LOX S l o t  Width 

LOX S l o t  Length 
Fuel Gap 

- t.02 - t2.2 ‘ 65 +.70 - .050 

- +.03 51.2 - t.37 c +,46 - .025 
- t.015 72.2 - +.34 I +.20 - .05 L 

Y. Regen Tu bc T h i  c kness 

Nozzle Throat Dia. 

- 
- t.002 - t1.9 +.33 +.20 - .045 - - t0.5 - t1.8 t.66 2.92 ( S . L . )  - t.16 (S.L.) 

+.55 (VAC) T.16 ( V A C )  
b 

to.5 ---- ---- F.07 (S.L.) T.16 (S.L.) - - +.07 (VAC) - +.16 (VAC) 
Nozzle E x i t  Dia. 

Overa l l  Engine Performance 
V a r i a t i o n  (ae) With No Com- 
ponent Matching, For Above 
Tolerances 

u -  e -G (RSS) 

- +3.84 - +LO5 - +1.27 (S.L.) - +.24 (S.L. )  
+1.04 ( V A C ~  - +,2a (VP,C) 

+2.5 - + L O  - -  t1.24 (S.L.) - t.23 (S.L.) 
- +1 .O (VAC) t o  Regen Tube AP 

u e  With Fuel Gap Matched 
- t.23 (VAC) 

ae With Fuel Gap Matched - +0.83 - t.68 t.95 S . L . )  t.23 
t o  Regen AP, RSS LOX Slot 
Width Tolerances o f  +.005 
in . ,  RSS LOX S l o t  LenFth 
To1 erances o f  - t . 01 5 i n  . 

- - 

Figure 3.5-5. Performance Sensitivity to Engine Tolerances 
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3.7 Nozzle Contour 

The contour o f  t he  1.2 m i  i l i o n  l b  sza l e v e l  t h r u s t  enqine 

nozzle i s  shown i n  F-igure 3.7.1. T h i s  nozz le i s  for an 
expansion r a t i o  o f  5 and has a sea l e v e l  o f  CF = 1.312. 

4- , 

* .  . t 
LI 23 44 
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, 7.. 2,- 

I !  
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Figure 3.7-1. Nozzle Contour - Phase fJ PFE ( ~ = 5 )  
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4. RELIABILITY AND SAFETY MALYSIS t 

f 

The r e l i a b i l i t y  and safety tasks t o  be performed i n  the analysis o f  the 

Pressure Fed Engine f o r  the Low Cost Booster are as described i n  the State- 
ment o f  Work*, Paragraphs 3.6, 4.1.1, 4.1.7, and 4.2 as wel l  as NASA publica- 

t i o n  NHB 5300.4 ( l A ) ,  Paragraphs 1A302, 1A303 and 1A304 (subparagraphs. 1 and 
2) and NASA Safety Program Di rec t ive  No. 1 - Revision A. 

A b r i e f  descr ipt ion o f  these tasks i s  ou t l ined  as fol lows: 

RELIABILITY TASKS PER SOW AND NASA PUBLICATION NHB 5300.4 (1A) 
1. Perform f a i l u r e  modes and e f fec ts  analysis on candidate Pressure Fed 

Engine (PFEj subsystems and establ ish approach tr, systems design re- 
d unda ncy . 
Predict  r e l i a b i l i t y  o f  candidate PFE systems t o  be used i n  t rade-of f  
analysis. 

1. I den t i f y  and c lass i f y  hazards o f  the candidate PFE system. 
2. Cc.iduct saf ty trade-of f  studies on the operational modes tha t  i n -  

f l  uence configuration. 
3. Perform gross hazards analysis using f a i l u r e  mode analysis f o r  pre- 

hunch, launch, and range safety operations. 

2. 

SYSTEMS SAFETY ANALYSIS PER OMSF SAFETY DIRECTIVE NO. 1A 

4.1 OVERALL RELIABILITY ASSESSMENT 
The overa l l  re1 i a b i  1 i ty assessment involves f a i  1 ure mode and e f fec ts  

analysis, subsystems r e l i a b i l i t y  predict ions, PFE instrumentation and contro l  
f l i g h t  r e l i a b i l i t y .  

redundancies . 
4.1.1 Fai lure Modes and Ef fects  Analysis (FMEA) 

The f a i l u r e  modes and e f fec ts  analysis consists o f  determining: 1) the 
pr inc ipa l  f a i l u r e  modes and 2) the r e l a t i v e  p robab i l i t y  o f  the f a i l u r e  mode 
occurring f o r  each o f  the candidate design concepts proposed f o r  each o f  the 
seven pressure fed engine systems (PFES) bu i ld ing  blocks o r  subsystems. Each 
subsystem design concept was reviewed w i th  the responsiEe design engineer f o r  
pr inc ipa l  f a i l u r e  modes by analysis o f  the layout drawings and performancr: re-  
quirements. 

PFE system r e l i a b i l i t y  predict ions and PFE systems design 

I n  addit ion, past t e s t  h i s to ry  on s im i la r  designs was reviewed and 

*Reliability and safety analysis tasks are as defined i n  the Statement o f  
Work as modified by NASA Le t te r  from W i l l i a m  3. M i l l e r ,  Contracting Of f icer ,  
dated 21 December 1971 
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the f a i  1 ure modes experienced dur i  ny tes ti ng recorded and the frequency 
o f  occurrence ( r i s k )  o f  the f a i l u r e  mode determined as being high, moder- 

ate, low o r  very low. 

Analysis resu l t s  f o r  each design candidate f o r  a subsystem are pre- 
sented i n  Tables 4.1.1-1 through 4.1.1-7. A b r i e f  summary o f  the tables are 
presented below: 

Table 4.1 . l-1 Pressur izat ion Subsystem: Results o f  one FMEA show 
tha t  one "heated stored gas" pressur izat ion concept has the lowest 
f a i  1 ure mode suscepti b i  1 i ty p r imar i l y  due t o  the fewer number o f  
f a i l u r e  susceptible components. 

Table 4.1 -1-2 Combustion Chamber Subsystem: Analysis shows tha t  
the ab la t i ve  cooled chamber has s i g n i f i c a n t l y  fewer modes and tha t  
the regeneratively cooled chamber design has the greatest  r e l i a -  
b i l i t y  uncertainty f o r  reuse a f t e r  s a l t  water exposure. The trans- 
p i r a t i o n  cooled chamber represents an unknown r e l i a b i l i t y  r i s k  
since t h i s  design concept has no t  been characterized as wel l  as the 
other chamber concepts . 
Table 4.1.1-3 TVC Subsystem: Results o f  f a i l u r e  modes analysis show the 3 
LITVC design concept to have the fewer number o f  f a i l u r e  modes and i s  thus 
preferred over the gimbaled TVC concept from a r e l i a b i l i t y  po in t  o f  view. 

Table 4.1.1-4 I g n i t i o n  Subsystem: Results o f  the review show t h a t  a spark 
augmented stand mounted i g n i t e r  has s i g n i f i c a n t l y  fewer f a i l u r e  modes than 
the hypergolic slug i gn i te r ;  however the hypergo1 system i s  su te-o f - the-ar t .  

Table 4.1.1-5 Thrust Control Subsystem: Pr imar i l y  due t o  i t s  s impl i -  
c i t y  as compared t o  the other two carldidates, the Fixed Thrust In- 
j e c t o r  has s i g n i f i c a n t l y  fewer f a i l u r e  modes. This a t  f i r s t  appears 
as an advantage f o r  the f i x e d  th rus t  l eve l  cont ro l  candidate, bu t  i n  
f a c t  i s  a r e l i a b i l i t y  disadvantage a t  the c lustered engine system 
leve l .  The explanation f o r  t h i s  disadvantage i s  presented i n  Para- 
graph 4.1.5. 

The two step th rus t  cont ro l  concept has fewer f a i l u r e  modes than 
the var iab le th rus t  concept p r imar i l y  due t o  1) s imp l i f i ca t i on  o f  
the controls needed t o  d r i ve  the actuator, and 2) the use o f  a 
spring/bellows f o r  furn ish ing re tu rn  motion o f  the two-step actuator. 

I 

4- 2 



i 
a, 
c, 
Q 

a4 
Y 

L 
a 

Q) 
Y 
Q 
L 
a4 

I 

H 
. 

C aJ 

G C Z  
L O W  

. 
cu 

. 
m d m (0 h co OI 

f c 
i - .  

: i :  

0 
Q) 
E 
t 
0 
O- 
m u ,  

I 

* 
c cu 

. 
m d 

. . . 
In rg h Q) 

8 a 
Y a 
0) 

L 
QI m c a s u 
Y 
Q, 

+r a 
0, 
I 

c 

. 
h 

h 

C ro .cr 
r 
U 

aJ L 
3 
c, 
P 
=I 
L 
A 
C 
(II c 
. 

b a  

c 
d k  

e 
P w 

. 
0 4- 

. 
In 



IS 0 

0 

' , -  i n  
I c n  
: E  

m 
L 
I- 

- 
! 0 

U 
01 
U 

m 
L L 

I 

Q, 

L- 
Q W  

E 3 L  
- 7 )  1 

u) 
E v l O  
O Q P  
C Y  x 
v low 

L* al On a 
V Q  

0 3  
W W -  
- Q U  
E S -  r o r o  
w Qv) 
a 3 0  -to 

e* L 

-n 

U 
U 
4 n 
E 
CI 

E 
0 

c 

Q 

I- 
5 

_ .  

L 

P 4 

r 
U 

B 3 
0 
-1 

i3 3 
0 
A -1 

m a  u) 
E 1 Q  

Q) 

a 
I- 

- 
n t P (u (3 

Q 
U 
9 
L 
Q H 

B 
2 
c 

Q > 

0 
c, 
n 
L 
al 

P 

0)  
c, 
L 
a 

-1 
5 
-1 

0 
+I 

L 

- 0  
O %  

7 N PI Q m h (d 
--- ------- 

4-4 



0, 
U 
a 

3 
0 
.- 

W 
L 
3 
w 

o m  
Gal 

L 
a 
m-0 
v)n 

.- - E  
Q Q  
0 1  
3 
m a  

- 
0 
0 
t 
v) 

C 
c, 

L aJ > 
L 
V 

L 
0 
c, 
0 
E 
aJ 
3 
U 
L -  
O a J  o >  
- a  
0 )  

w a J  
L- 
3c, 
-c, 
.F 3 
a s  
L L m  

4- 

- 

c a a 
L 
W 
>, s 
Q 

Q 
5 
0 

L 
3 + 
n m 

Q, 
U 
0 
E 

i. 

4 

E 
c, 
v) ,, u, 
0 > 
I- 

? -  

I 

y 0 

0 
I 

I 

i - !  

-i 
. .  

I 

I 
1 
! 
& 
I 
i 

i 
i 
I 
i 

I I 
I 

n n -  

- ? u r n  
n 

f 

4-5 

4 



;30 

2 
c 

3 
0 

L -I 
aJ QJ Q, W > > > > 

) ) ? ? A  

Y 
v) 

Ix 
1-( 

n n h 

* v) a 

3 

aJ 
L 
3 

cn 
L) 

n e -  n n 

bui  d h 

n n  

0 3 0 1  

4-6 

.. 



> 

-- I 

--_ 
I 
v) 
7 
Q 
O L  L 

0 0 

5i 
=J 
Qc 
I 
I- 

w 
x 
LL 

n 

Y 

F C '  

a8 a c, 
Q L - aJ 

\U zc 

i 

s 0 ;  0 
C O P  

n 
w 

A 
W 

5 

2 m 

aJ 
c, 
(b 
L al 

E - 1  
u g  0 

-6 L 
rc 
0 

aJ 
0, 
Q 
A 
Q 
Q) 
L 

L 
0 

n 

L 
O a J  

L L  a 0  
Nc, 
.F I *  
w c  

L ' P O 3  

E O  X t  oc, 0- 

L '3 
O E  
c, 'I- 

z %  :us 
a U , m  
1 Q a J  
L h v )  I /'- 

I . .  
3 -  Ln 

1 
L .. - . - . . . 

4- 7 
, 



aJ 
c, 
lu 

aJ 
4 m 

L L 

3 
A d  
0 3 o  

3 
0 
-1 

v) 
aJ 
U 
0 
E 
a 
L 
3 

a 
L L  

aJ > 
a 
=, 
rr 
0 

v) 
v) aJ 
L 
P 
P 
=I 
v) 

U a aJ 
I 
TI c a 
9) > 
a =r 
ct rc 
0 
c, 
3 r 
v) 

c, 
E 
a 

aJ 
P 

e 

F 
-I- 

P 

*C 

w 

P 
P 

a 
0 

rg 
I 

P 

w 
. . 

U 

Q) 

a 
I- 

w n 

0 

0 c a 
0 
In 

cc 
0 
E: 
0 

v) 
0 
L 
L 
0 
u r n  aJ 
L >  

-r 

c 

.c 

h L 
fe 

a J c ,  
L 0 
c, L 

0 
3 c, 
aJ 
L 
c, 

v) % a  aJ 
o w  c 

- . 

- 
L 

t- c u m  u) u3 t- 
aJ a 3  
c, c , o  
B m A  
L L 

aJ 
c, 
10 

. .  

. ;  

! 
- .  I 

I 
c, 
0 
c 

2 
I 
c, 
0 
L 
aJ 
I 
c, 
IC 
0 

E aJ 
0 
L 
0 

n 

L C D h  

4-8 



J 

Q1 
c, 
Q 
L 

a, 
c, 
Q 
L 

aJ 
c, 
m i 

I c - 

v) aJ 
0 
0 r 
f 
3 

a 
LL 

F 
or- 

E 
2 
c, 
Y, 

n 
1 
r/) 

L 
0 
c, a 
3 
c, 

Y 
0 
E a 

5 
0 aJ 
'3 
E 
w 

h 
I 

P 
e 

P 
e 

d 
aJ 

a 
I- 

P n 

* 

rz 
aJ 

3 0  3 

t 
al 

I 
.P 

V 

aJ 
c, 
Q 

aJ 
c, 
CCI 

co m 

a, 
c, a a 
L L 
aJ aJ 

U 
0 

3 
0 
d z 

TI 
0 
5 : d  

3 
A d  
g o  

aJ u 

L 
O a J  I 

'L - 
L L  0 
Q O  V 
Nc, 
.r L 
W a J  aJ 

h 00 

4- 9 



v :  

i 
! 

t 

Table 4.1.1-6 Propel lant  Shutoff Valve and Head Suppression Valve 
subsystems: Results o f  the f a i l u r e  modes analysis show the head sup- 
pression va lves  have fewer f a i l u r e  modes as compared t o  the shutof f  
valves pr imar i l y  because the head suppression valves cannot f a i l  closed 
due t o  b u i l t  i n  pos i t i on  stops and valve i n te rna l  leakage does not 
cons t i tu te  an engine f a i l u r e  as i t  does f o r  the shutof f  valves. 

Table 4.1 . l - 7  I n jec to r  and Actuator Subsystem: Results o f  ' t he  
f a i l u r e  modes comparison o f  the electro-mechanical actuator, the 
pneumatic actuator and the hydraul ic actuator show the hydraul ic 
actuator t o  have the lowest f a i l u r e  mode suscep t ib i l i t y .  

Since by de f i n i t i on ,  no actuator i s  required f o r  the f i xed  th rus t  
l eve l  i n jec to r  designs, the f a i l u r e  modes f o r  the continuous th ro t -  
t l i n g ,  step t h r o t t l i n g ,  and f i xed  th rus t  l eve l  design corxepts are 
compared on the previous tab le  (Table 4.1 . l -5 ) .  

4.1.2 Subsystem R e l i a b i l i t y  Predict ions 

For a t  l eas t  one o f  the candidate design concepts f o r  each o f  the 7 
bu i ld ing  blocks o r  subsystems, a demonstrated r e l i a b i l i t y  was obtained 
on as s im i la r  a subsystem as possible. That i s ,  by reviewing the success/ 
f a i l u r e  t e s t  h i s to ry  on a design concept s im i la r  t o  tha t  proposed f o r  the 
PFE, a base1 i ne re1 i a b i  1 i ty number was obta i  ned. 

By using the baseline,demonstrated r e l i a b i l i t y  determined from a t  
l eas t  one o f  the design candidates f o r  the subject subsystem and by summing 
up the number o f  "high", "moderate", "low", and "very low" f a i l u r e  mode 
r i sks  f o r  each o f  the candidate subsystem design concepts, i t  i s  possible 
t o  der ive re:iahi!lt;. estimates f o r  each o f  the subsystem design candidates. 
This i s  accomplished by mu1 t i p l y i n g  the basel ine subsystem f a i l u r e  prob- 
a b i l i t y  (defined as 1.0 minus the demonstrated r e l i a b i l i t y )  by the r a t i o  
o f  (1) the sum o f  a candidate's subsystem f a i i u r e  mode r i s k s  t o  (2)  the 
sum o f  the f a i l u r e  mode r i sks  f o r  the basel ine candidate. (When sdmming 
the f a i l u r e  mode r i sks  f o r  the candidate subsystems, the ''very l o w "  r i s k  
sums were neglected since these f a i l u r e  modes have a very low p robab i l i t y  
o f  causing subsystem fa i l u re .  Thus, since no ''high" r i s k  f a i l u r e  modes 
were noted f o r  any o f  the design candidates, the "moderate" and ' ' low" 
r i s k  were summed up w i th  the ''moderate" r i s k s  being weighed as 2.5 times 

t 
I,I 

i 
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as s ign i f i can t  as the "low" r i s k  f a i l u r e  modes.) The r e l i a b i l i t y  o f  the 
candidate subsystem i s  thus equal t o  1.0 minus the baseline design prob- 
a b i l i t y  c f  f a i l u r e  times the r i s k  r a t i o .  

The demonstrated r e l i a b i l i t i e s  obtained on subs.ysterns by TRW include 
prelaunch ign i t i on ,  and launch data. It i s  important t o  recognize tha t  
the TRW subsystem r e l i a b i l i t y  numbers are pessimist ic f o r  a PFE app l i ca t ion  
when compared w i th  the NASA PFE appl icat ion,  since the NASA r e l i a b i l i t y  
i s  presented omi t t ing prelaunch and i g n i t i o n  r e l i a b i l i t i e s .  This resu l ts  
from measuring r e l i a b i l i t y  (on the Saturn 5 F-1 enyine as an example) from 
the time tha t  t h rus t  reaches 90% o f  f u l l  rated th rus t  ra ther  than measur- 
ing  r e l i a b i l i t y  from the time o f  i n i t i a t i n g  countdown. i n  sp i te  o f  the f a c t  
t ha t  the r e l i a b i l i t y  predict ions on the candidate subsystem are pess in is t i c ,  
because they include launch and i g n i t i o n  r e l i a b i l i t y  values, the r e d i v e  
re1 i a b i l  i ty numbers a r e  r e a l i s t i c  and V a l  i d  f o r  performing the t rade-of f  
analyses . 

Tne fo l lowing paragraphs present the data used t o  develop the sub- 
system baseline r e l i a b i l i t y  f o r  a t  l eas t  one o f  the candidatc subsystem 
design concepts f o r  each o f  the 7 PFE subsystems. 

Table 4.1.2-1 Pressurization Subsystem: The "heated stored qas" de- 
s ign concept i s  used as the baseline design t o  assess the comparative 
r e l i a b i l i t i e s  o f  a l l  three pressur izat ion design concepts. Sincc com- 
ponent t e s t  data f o r  the @'heated stored gas" concept a r e  avai lab le 
from the Minuteman I11 Weapon System, t h i s  data were used i n  the pressure 
fed booster r e l i a b i l i t y  math model as shown i n  Table 4.1.2-2 Test 
Date, i .e. successes/total tes ts  are subst i tu ted i n t o  the math model 
and a demonstrated r e l i a b i l i t y  number o f  0.9928 generated. Note t h a t  
f o r  the regulator  val;.es, there i s  one f a i l u r e  ou t  o f  1,604 tes ts  and 
f o r  the p i l o t  solenoid valve, there i s  one f a i l u r e  ogt o f  282 tests .  

Table 4.1.2-3 Combustion Chamber Subsystem: The regeneratively cooled 
chamber design i s  used as the baseline from which the other candidate 
chamber design r e l i a b i l i t y  estimates a r e  derived. The demonstrated 
re1 i a b i  1 i ty f o r  the regenerative chamber i s  equal t o  152 successes/l53 
f l i g h t  tes ts  where the t e s t  data are obtained f rom a c lass i f i ed  m iss i l e  
f 1 i g h t  t e s t  program . 
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The ab la t i ve  chamber r e l i a b i l i t y  best estimate i s  derived from the 
regenerative chamber t e s t  data and the r a t i o  o f  the number o f  "moderate" 
and "lo." r i s k  f a i l u r e  modes f o r  both design concepts. 
noted tha t  the observed r e l i a b i l i t y  f o r  the ab la t i ve  chamber i s  55 
successes/55 Bests o r  1.0 ar experienced on LMDE ab la t i ve  chamber 
tests.  
valent mission tes ts  and had experienced one o r  more fa i l u res ,  then 
t h i s  demonstrated r e l i a b i l i t y  would have been used t o  p red ic t  the 
ab la t i ve  chamber re1 i abi 1 i ty . ) 

It should be 

(If the LMDE t e s t  program had consisted o f  more than 55 equi- 

Table 4.1.2-4 TVC Subsystem: For the TVC system r e l i a b i l i t y  comparison 
i t  i s  necessary t o  r e l y  on the f a i l u r e  modes analysis t o  p red ic t  r e l i -  
a b i l i t i e s  since f o r  both candidate design concepts, ample t e s t  data 
ex i s t s  f r o m  which demorstrated r e l i a b i l i t y  can be ca lcu lated d i rec t l y .  
For the LITVC concept, the Minuteman Wing V I  2nd stage motor LITVC 
system t w  experienced 267 tes ts  w i th  one fa i l u re .  For the girabaled 
TVC cow pt, a c lass i f i ed  m iss i l e  f l i g h t  t e s t  program using gimbal 
TVC has experienced one f a i l u r e  ou t  o f  213 f l i g h t s .  These data fu r -  
n ish the demonstrated r e l i a b i l i t y  numbers. Note t h a t  the number o f  
f a i l u r e  mode r i s k s  i n  the "moderate" and ''low" r i s k  categories sub- 
s tan t i a te  the observed re1 i a b i  1 i ty numbers. 

- Table 4.1.2-5 I g n i t i o n  Subsystem: The hypergolic i g n i t e r  r e l i a b i l i t y  
presented here i s  updated from the Phase A repor t  f o r  the f a i l u r e  ex- 
perienced on 7150 hot  f i r i n g s  o f  the Saturn H-1 engine. Previously 
f o r  the Phase A repor t  the hypergol ic s lug i g n i t o r  as used on the 
T i tan  1, Thor and At las F l i g h t  Test Miss i les was used as the basel ine 
t o  assess the r e l i a b i l i t y  o f  the stand mounted i g n i t o r  concept. The 
Titan, Thor and At las r l i g h t  Test Programs have a combined h i s to ry  o f  
398 f l i g h t s  w i th  1 slug i g n i t o r  f a i l u r e .  

The stand mounted i g n i t o r  concept r e l i a b i l i t y  estimate i s  derived using 
the same technique as presented f o r  :he previous subsystems. Using 
t h i c  technique the r e l i a b i l i t y  estimate f o r  the stand mounted i g m t c r  
i s  0.99997. 

- Table 4.1.2-6 Thrust Control Subsystem: The basel ine f o r  determining 
the r e l i a b i l i t i e s  f o r  the three th rus t  cont ro l  concepts i s  t n e  232 
equivalent LMDE missions with one observed fc i i lu re  which gives a dem- 
ons t ra ted  re1 i a b i  1 i ty n f  0.9956. 
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The technique used t o  estimate the r e l i a b i l i t i e s  o f  the other two 
candidates i s  the same as applied t o  the previously discussed sub- 
systems . 
Table 4.1 2 - 7  Propel lant  Shut-Off and Head Suppression Valve Sub- 
system: The Minuteman I11 post boost vehic le propel lant  s h i t o f f  
valve i s  used as the basel ine from which the r e l i a b i l i t y  estimate 
f o r  the propel lant  hydraul i c  head suppression ( t r i m )  valve re1 i a -  
b i l i t y  estimate i s  derived. The demonstrated r e l i a b i l i t y  f o r  the 
shutof f  valve i s  198 successes out  o f  193 tes ts  f o r  a r e l i a b i l i t y  
o f  0.9949. However, based on a review o f  shutof f  valve f a i l u r e  
modes, 20% o f  a l l  valve fa i l u res  are f a i l  closed o r  open associated 
w i th  numerous cyc l  ing  o f  the valves. Since i n  the PFE booster 
app l i ca t ion  the shutof f  valves w i l l  be subjected t o  on ly  one oper- 
a t ional  actuat ion cyc le  per f l i g h t  the r e l i a b i l i t y  p red ic t ion  pre- 
sented here i s  adjusted t o  r e f l e c t  the PFE app l ica t ion  by estimat- 
ing  the 20% o f  valve f a i l u r e s  associated w i th  repeated valve cycl ing,  
Le . ,  the Minuteman I11 r e l i a b i l i t y  i s  increased from 0.9949 t o  0.9963 
i n  order t o  r e f l e c t  the PFE appl icat ion.  

Table 4.1 2 - 8  I n jec t i on  and Actuator Subsystem: The Electro-mechanical 
I n jec to r  Actuator as used on the LMDE engine serves as a basel ine f o r  
the other candidates. Out o f  231 equivalent LMDE engine missions, 1 
f a i l u r e  has been observed t o  y i e l d  a demonstrated r e l i a b i l i t y  o f  
0.9956. 

Using the same technique as described f o r  the other  subsystem design 
candidates, the r e l i a b i l i t y  estimate! f o r  the hydraul ic i n jec to r /  
x t u a t o r ,  and the pneumatic actuator / in jector ,  and the pneumatic 
actuator / in jector  are 0.998 and 0.997y respect ively.  

4.1.3 PFE Instrumentation and Gontrol F l i g h t  R e l i a b i l i t y  

Table 4.1.3-1 presents the r e l i a b i l i t i e s  o f  the e lec t ron ic  contro ls  
subassemblies required f o r  a pressure fed engine. The contro l  and ins t ru -  
mentation requirements f o r  the pressure fed engine are presented on pages 
4-10 through 4-12 o f  the Phase A Technical keview and Evaluation Report 
dated 19 January 1972. 

The f a i l u r e  r a t e  data used i n  the r e l i a b i l i t y  ca lcu lat ions were 
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obtained from a l a r g e  amount o f  s t a t i s t i c a l l y  s i g n i f i c a n t  data c o l i z c t e d  
f r o r  approximately 30 TRW space v e h k l e s .  An environmental app l i ca t i on  
f a c t o r  o f  l o x  was appl ied t o  the  o r b i t a l  f a i l u r e  r a t e  data t o  r e f l e c t  thc 
add i t iona l  environmental seve r i t y  associated w i t h  the ecgine launch v io ra-  
t i o n  environment. The prelaunch "OR t ime" f o r  the d e c t r i c a l  components 
was assurcd equal t o  64 hours, w i t h  tbe  powered f l i g h t  dura t ion  taken as 
150 seconds. 

Since by d e f i n i t i o n  the PFE re1 l 'abi l  i ty model presents the probahi l  i ty 

o f  success, n o t  f a i l u re ,o f  the engine and since the p rope l l an t  mani fo ld  
pressure transducers , c h i h e r  nL A e ,  and head temperature transducers , 
s i d  the engine v i b r a t i o n  sensors are no t  used f o r  engine i n - f l i g b  -. con t ro l  
funct ions,  bu t  ra the r  f o r  engine i g n i t i o n  sequencing and mal funct ion de- 
tect ion<,  these sensor subassemblies were excluded from the K i - f l  i q h t  
con t ro ls  r e l i a b i l i t y  analysis.  The encine ma?funct ion con t ro l s  and i n -  
f l i g h t  con t ro l  redundancy rcconmendations are  discussed i n  the  Hazards 
Ana'rysis presented i n  Paragraph 4.3. 

4.1.4 PFE System Reliabi:  - A;# Predic t ions 

Table 4.1.4-1 i s  a summary o f  the  p-obabSl i t ies  o f  f a i l u r e  o f  a l l  the 
candidate siI5systems. This tab le  i s  used t o  generate any combination c f  
subsystems t o  create an engine candidate system. As an appr))ximation o f  
the t o t a l  engine r e l i a b i l i t y ,  the probab iT i t ies  o f  f a i l u r e  o f  the  subsystems 
may be summed a r i t h m e t i c a l l y  and subtracted from 1 t o  de r i ve  t h e  candidate 
engine systern r e l i a b i l i t y .  For example, assume a s i n g l e  PFE engine composed 
o f  a regenerat ive chamber, w i t h  electro-mechanical ac tua t ion  o f  the t h r o t -  
t l i n g  i n j e c t o r ,  gimbaled TVC, p rope l l an t  con t ro l  valves i n d  t r i m  valves and 
external  i g n i t i o n .  System r e l i a b i l i t y  equals as an aLQroximation: 

= 1- r.0063 + .go44 + ,0047 + 2( .C037) + 2(  .W3) 
Lzhamber I n j e c t o r  Gimbal TVC PV T r i m  Valves 

!gni t e r  

system R 

+ *oooo? 1 
Rsyskem = 1.0 = .0288 = .97'i2 

System R e l i a b i ' J i t y  wttholct using the approximation method i r :  
2 = ,9933 I; .9956 x .9953 x (9963) x (.3970)* x .99997 

= .9715 
system R 
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4.1 -5 PFE System Design Redundancy 

One o f  the primary design r e l i a b i l i t y  considerations i s  the PFE System 
R e l i a b i l i t y  comparison between seven clustered f i xed  th rus t  l eve l  engines 
versus seven clustered var iab le th rus t  l eve l  engines. 

For the seven f i xed  th rus t  l eve l  $ngines, i t  i s  possible t o  deter- 
mine the subsystem design redundancy required such t h a t  the system r e l i a -  
b i l i t y  o f  these seven engines i s  equal t o  the system r e l i a b i l i t y  o f  seven 
var iab le th rus t  engines where any one o f  the seven var iab le  th rus t  engines 
may su f fe r  an engine out  and y e t  the boost mission can s t i l l  be completed 
successfully. 

R e l i a b i l i t i e s  f o r  the two candidate PFE's, using the math model 
below and the data presented i n  Table 4.1.4-1, are as fo l lows: 

- - 
RGimbal R Ign i t i on  Rvalves REngine RInstrument.X RRegen 

& Controls Chamber TVC 

R in jec to r  
Actuator 

so 

= .999597 x .9927 x .9953 x .99987 x .9963!* x (.9970) Th ro t t l  eabl e R 

x .9980 = .9724 

and 

RFixed Thrust = .999597 x .9927 x .9953 x .99987 x .9963)2 x (.9970) 
x .9995 = .9739 

System r e l i a b i l i t y  f o r  seven th ro t t l eab le  PFE's, where one out o f  seven o f  
the th ro t t l eab le  engines may su f fe r  an engine out  wi thout loss o f  the 
booster i s ,  using the binominal p robab i l i t y  d i s t r i b u t i o n :  

- 
RSystem - (REngine)7 + ' (REngine)6 (l'REngine) 
Th ro t t l  eabl e 

= + 7(.9724)6 (.0276) = .82208 + .16333 = .9854 

System r e l i a b i l i t y  f o r  seven f i xed  th rus t  PFE's, where no engine ou t  can 
be permitted w i th  lass o f  the booster i s :  

t 
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= (R)7  = ( .9739)7 = .831 RSystem Fixed 
Thrust 

The r e l i a b i l i t y  required o f  the f i xed  th rus t  engine such t h a t  the seven 
f i xed  th rus t  engine system r e l i a b i l i t y  i s  equal t o  the seven th ro t t l eab le  
engine system r e l i a b i l i t y  i s :  

RFixed th rus t  = (.9854)1'7 = 3979 
Engine 

Results o f  the above analysis shows t h a t  each o f  the seven f i xed  th rus t  
l eve l  engines must have an ind iv idua l  r e l i a b i l i t y  cif 0.9979 t o  equal the 
system r e l i a b i l i t y  afforded by seven var iab le  th rus t  l eve l  engines, each 
o f  which exh ib i ts  an ind iv idua l  r e l i a b i l i t y  o f  0.9724. 

I n  conclusion, whi le  i t  i s  possible t o  make ce r ta in  components i n  
subsystems redundant, such as valves and actuators, no matter how much 
design conf igurat ion redundancy i s  used i n  the f i x e d  th rus t  l eve l  design, 
we cannot achieve an engine r e l i a b i l i t y  o f  .9939 when the combustion 
chamber aione has a r e l i a b i l i t y  o f  .9927. 

4.2 PRELIMINARY HAZARDS ANALYSIS 

The prel iminary hazards analysis preseqt9d i n  Table 4.2-1 i s  based on 
the requirements o f  "System Safety Requirerx : i ts  f o r  Manned Space Fl ight," 
Safety Program Di rec t ive  No. 1 - Rev. A. 

The f i r s t  step i n  the Safety Assessment, methodology i s  the establ ish- 
ment o f  the Hazardous Ever& which could o c c i r  f o r  each major subsystem o f  
the engine and then the development o f  a l i s t  o f  Hazardous Events which 
might occur. L i s t i n g  o f  the events does not imply tha t  they w i l l  occur 
i n  the designs as proposed. Rather i t  IS a type o f  safety check l i s t  t o  
enable the subsequent concept development t o  include prov is ion f o r  these 
safety items. 

A f te r  establishment o f  the possible hazardous event l i s t ,  a l i s t  o f  
design features which can reduce r i s k  i s  irade. The methodology o f  l i s t  
establishments does not requi re  tha t  featvres have, or have not, been 

zluded i n  the concepts as proposed. Rather., i t  i s  3 l i s t  which makes 
the b,*idge between the postulated hazard eve;l;t and the hardware as i t  
may ac tua l l y  e x i s t  i n  the concept, and as i t  may p a r t i a l l y  e x i s t  i n  the 
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mind's eye o f  the s a f e t y  analyst. The hazarus analysis includes some o f  
the f a i l u r e  modes informat ion presented i n  the Fa i lu re  Modes Analysis, 
Paragraph 4.1.1 above. Note tha t  f o r  the Hazards Analysis the f a i l u r e  
mode analysis i s  expended t o  the component l eve l  sub t ie r  t o  the 7 PFE's 

bu i ld ing  blocks, and includes the engine malfunction detect ion electron- 
i c s  excluded i n  the engine instrumentation and cont ro ls  f l i g h t  r e l i a b i l i t y  
predict ions. 

4.3 SAFETY ANALYSIS 

A system safety analysis has been completed on the two candidate pro- 
pe l l an t  combinations. The physical propert ies data presented i n  Table 
4.3-1" were used t o  compare the r e l a t i v e  safety advantages/disadvantages 
o f  the two candidate propel lant  systems. The low f l ash  po in t  temperature 
o f  the propane i s  a safety disadvantage as compared t o  RP-1. The higher 
f l ash  po in t  and lower vapor pressure f o r  the RP-1 fue l  means t h a t  the 
p robab i l i t y  o f  reaching a minimum f lammabi l i ty  range o f  1.3% i s  much lower 
than w i th  propane. 
hazard since the vapors are heavier than a i r ,  w i l l  thus not  disperse rap id ly ,  
and w i l l  form an explosive mixture w i th  a i r .  Any vented LOX aggravates the 
s i t ua t i on  since the propane/oxygen f lammabi l i ty  minimum range o f  2% may 
eas i l y  be reached and an explosive environment created. Cryogenic LOX 
wi th  RP-1 forms a pressure sens i t i ve  explosive j e l l  which becomes more 
sensi t ive w i th  time u n t i l  spontaneous explosion can occur. 
hazard both LOX + RP-1 leakage must occur. 

I n  addi t ion,  propane gas represents a d i s t i n c t  safety 

For t h i s  safety 

I n  conclusion, RP-1/LOX i s  considered sa fer  than Propane/LOX. The 
vapor pressure o f  RP-1 i s  much lower than propane and the p robab i l i t v  o f  
forming explosive mixtures o f  propane and a i r  i s  much greater than the 

*Data Sources: 
1 . 
Storage and Transportat ion CPIA pub l i ca t ion  194, dated May '1970. 
2. 
pe l l an t  Rocket Exploslons,I' Er ich A Farber, Univ. o f  Flor ida,  Gainsv i l le ,  
NASA Contract NAS 10-1255, F ina l  Report, 31 October 1968. 

Chemical/Rocket/Propellant Hazards, Vol . I11 L iqu id  Propel lant  Hand1 ing  

Predic t ion o f  Explosive Yie ld  and Other Character ist ics o f  L iqu id  Pro- 
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p r o b a b i l i t y  o f  forming e i t h e r  explos-ive mixtures o f  RP-1 and a i r  o r  the R P - l /  

LOX j e l l  . 
Table 4.3-2 presents the safety  and launch r e l i a b i l i t y  ,onsideration 

o f  the TEA Hypergolic Slug I g n i t e r  and fhe Spark Augmented Stand Mounted 
I g n i t e r .  The Spark Augmented Stand Moulited I g n i t e r  i s  the prefer red can- 
d idate since the safety hazard associated w i t h  a pyrophoric (burns spon- 
taneously i n  a i r )  Tr ie thy lene Aluminum hypergol ic s lug does not e x i s t .  

The $ark Augmented I g n i t e r  i s  a lso prefer red f o r  h igh lauoch r e l i a -  
b i l i t y .  Ground check o f  the i g n i t e r  can be performed as o f ten  as requi red 
t o  v e r i f y  performance. I n  addi t ion,  engine complexity i s  reduced since 
a l l  i g n i t i o n  components are launch f a c i l i t y  ra ther  than booster mounted. 

4.4 OPERATIONAL RELIABILITY 

The PFE r e l i a b i l i t y  predic t ions presented i n  the  previous Phase A and 
B status repor ts  and Paragraph 4.1.4 above are pess imis t ic  mission f l i g h t  
Predict ions for  two reason;. 
p r o b a b i l i t y  o f  the  engines operating successful ly from the i n i t i a t i o n  o f  
engine i g n i t i o n  whi le  s t i l l  res t ra ined on the launch pad t o  the completion 
o f  powered f l i g h t .  The engine r e l i & i l i t y  predic t ions were presented i n  
t h i s  manner t o  include the e f f e c t s  o f  the i g n i t i o n  and propel lant  valve 
bu i l d ing  block r e l i a b i l i t i e s  on engine countdown r e l i a b i l i t y .  
i n  the c l u s t e r  f a i l s  t o  i g n i t e  or a prope l lan t  f u e l  valve f a i l s  t o  open, 
the  countdown i s  aborted since the c l u s t e r  f a i l s  t o  reach 9CX o f  ra ted  
thrust ,  and the c l u s t e r  r e s t r a i n t  i s  no t  released f o r  launch and no f l i g h t  
abor t  occurs. Since the launch vehic le  w i l l  be res t ra ined on the launch 
pad, i t  i s  more r e a l i s t t c  t o  p red ic t  f l i g h t  r e l i a b i l i t y  f o r  the t ime per iod 
from 90% o f  f u l l  ra ted  t h r u s t  t o  completion o f  powered f l i g h t  ard thus 
delete the i g n i t i o n  and propel lant  f ue l  valve bu i l d ing  blocks from f l i g h t  
r e l i a b i l i t y  considerations. 

F i r s t ,  the predic t ions were based on the 

I f  an engine 

Second, the f l i g h t  r e l i a b i l i t y  predic t ions are pess imis t ic  since 
they werg derived p r i m a r i l y  from defense m i s s i l e  systems which do not  
incorporate the higher design margins associated wi th man-rated systems. 
Since engine r e l i a b i ? i t y  decreases w i t h  decreasing design margins, the  
PFE r e l i a b i l i t y  predic t ions based on defense miss i les  r e l i a b i l i t y  data 
are conservative. 
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The subsystem r e l i a b i l i t y  u i t a  as presented i n  Paragraph 4.1.4 i s  
used t o  p red ic t  the r e l i a b i l i t y  o f  the var iab le th rus t  engine design. 
The var iable th rus t  engine design has a lower predicted r e l i a b i l i t y  than 
the Satwn 5 F-1 engine due t o  1) the use o f  the hydraul ic actuated 
i n jec to r  as compared t o  the F-1 engine f i xed  in jec to r ,  and 2) the use o f  
pessimistic r e l i a b i l i t y  numbers obtained from defense m iss i l e  data. This 
lower engine r e l i a b i l i t y  i s  nct a system disadvantage, however, since the 

in jec to ts  on the var iable th rus t  engines may be opened up t o  an increased 
th rus t  leve l  t o  compensate f o r  the f a i l u r e  o f  any one o f  the c lustered 

engines. The r e l i a b i l i t y  math model f o r  the 7 var iab le th rus ter  engine 
clustec, based on tne binominal p robab i l i t y  formula i s :  

7 6 R7 c iude red  var iab le = R  Engine 7(REqine) (l-REngine) 

thrust  engines 

The curves o f  f l i g h t  r e l i a b i l i t y  o f  the engine c lus te r  as a func t ion  
o f  number o f  missions presented i n  Figure 4.3-3 are based or? excluding the 
i g n i t i o n  and propel lant  valve subsystem r e l i a b i l i t i e s  from engine f l i g h t  
r e l i a b i l i t y .  The Saturn 5 F-1 engine f l i g h t  r e l i a b i l i t y  ( -99 @ 90% con- 
fidence leve l  o r  approximately -996 a t  the 50% confidence leve l )  i s  i n -  
cluded i n  the curv?s together wi+h a c l a s s i f i e d  f i xed  th rus t  m iss i l e  
r e l i d l i t y  t o  show the comparison between mission f l i g h t  r e l i a b i l i t i e s  
o f  the 7 engine c lus te r  f o r  man-rated engines versus n m  man-rated engines. 

It i s  imporbnt  t o  note t h a t  the highest mission f l i g h t  r e l i a b i l i t y  Of 

the engine c lus te r  i s  achieved w i th  the var iab le th rus t  engine i n  s p i t e  
o f  the f a c t  t ha t  the ind iv idual  engine r e l i a b i l i t y  i s  conservatively 
estimated as being lower than the f i xed  th rus t  saturn 5 F-1 engine. I f 

i t  i s  reasoned tha t  a pressure fed engine i s  inherent ly  more r e l i a b l e  
than the F-1 Turbo-pump fed engine, then the var iab le th rus t  engine 
c lus te r  mission r e l i a b i l i t y  i s  even higher than the curve shown f o r  the 
7 var iable th rus t  engines. 

4.4.1 Comparison Between S i  .:- * Engine Mission R e l i a b i l i t y  vs. 
C1 us iered Engi ne Costs - .-- - 

While the previous paragri,ph t . e i i a b i l i t y  super io r i t y  o f  the 
L r  the f i xed  th rus t  engine con- v a r i  ab1 e th rus t  c l  ustered engi rv 

cept, i t  remains t o  be rhown tha t  a var iab le th rus t  engine i s  the most 
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cost  e f fec t i ve  method of providing protect ion against  an engine out. Two 

other methods o f  obtaining pro tec t ion  against an engine out can be envisioned. 
One method consists o f  c lustered 8 f i xed  th rus t  engines, w i th  one o f  the 
e igh t  engines car r ied  as i n e r t  u n t i l  the occurrence o f  an engine out a t  which 
time the i n e r t  engine i s  ign i ted .  The second method consists of employing 7 
f i xed  th rus t  engines, each o f  which has an ext ra 16-2/3 percent t h rus t  which 
can be used t o  o f f s e t  the loss o f  one o f  the seven engines. The costs o f  
the four d i f f e r e n t  c lustered engine concepts are obtained using a computer 

program t h a t  determines the cos t  o f  each o f  the four  concepts on a per mission 
basis as a funct ion o f  the weights o f  the engine components, diameter and 
drag o f  the booster boa t ta i l ,  s ize  o f  the propel lant  tanks and a i r  frame, 

etc. The per mission costs o f  the four  d i f f e r e n t  engine c lus te r  arrange- 
ments i s  sumnarized below: 

Cluster Engine Cost Per Mission 
Engine Clbster Arrangement M i  11 ions o f  Dol 1 ars 

7 Fixed Thrust Engitles 
8 Fixed Thrust Engines 
1 Redundant Engine 
7 Fixed Thrust Engines 

w i th  16-2/3 percent 
pos i t i ve  Thrust Margin 

7 Variable Thrust Engines 

1.610 
1.796 

1.678 

1.635 

The cos t  o f  ii f l i g h t  mission abort  was taken as 10 m i l l i o n  do l la rs .  
Using the above data as a baseline, the costs f o r  20 missions can be de- 
termined. For the 7 c lustered f i xed  th rus t  engines w i th  a r e l i a b i l i t y  
equal t o  the Saturn 5 F-1 engine, o r  0.996, the costs are determined as 
f o l  1 ows : 

Clustered engine and = 7 engine costs plus the p robab i l i t y  
abor’ costs f o r  20 
missions abort, a l l  times 20. 

o f  f l i g h t  abor t  times the cos t  o f  

= (1,610,506 + [1-(.996)7] $10 m i l l i o n  1x20 

= 37,744,120 do l l a rs  

For the 7 f i xed  th rus t  engines w i th  a pos i t i ve  16-2/3 percent t h rus t  
engine, the costs are determined using a 0.996 f i xed  th rus t  engine r e l i a -  
b i l i t y  as fol lows: 

3 
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c 
4 

Clustered engine and = {1,678,000 + [I-{( .9!16)~ 47 (.996+j( .004))] 
abort  costs f o r  20 
missions x $10 m i l l i on ] )  x20 

= 33,620,000 do l l a rs  

;or the 8 f i x e d  th rus t  engines where one engine i s  ca r r i ed  as i ne r t ,  
the costs are deterrrir.2d using a 0.996 f i x e d  th rus t  engine r e l i a b i l i t y  
and a modif ied bindmina p robab i l i t y  d i s t r i b u t i o n  as fol lows: 

Clustered engine m i  = {1,796,000 + [I-{( .9!16)~ + 7 (.996+j( .004)( .996))] 
abort  costs for XI 
missions x $10 m i l l i o n )  x20 

= {1,796,000 + [1-( .953)]  1@ m i l l i o n )  x20 

= 36,000,000 do l l a rs  

The above techniqyes are repeated f o r  d i f f e r e n t  s ing le  engine re1 i a -  
b i l i t i e s  f o r  each o f  the four c lustered engine arrangements and the curves 
on Figure 4.4.1-1 obtained. Thus, using a var iab le  th rus t  s ing le  engine 
r e l i a b i l i t y  equal t o  .987 and a f i x e d  th rus t  s ing le  engine r e l i a b i l i t y  o f  
.996 the fo l lowing clustered engine and abort  costs resu l t :  

Chs tered  Engine and Abort Cost f o r  
20 missions,. M i l l i o n s  o f  Dol lars  Engine Arrangement 

7 Fixed Thrust Engines 37.7 

... 

8 Fixed Thrust Engines 
1 Redundant Engine 
7 Fixed Thrust Engines 

w i th  Pos i t i ve  16-2/3 
percent Thrust Margin 

36.0 

33.6 

7 Variable Thrust Engines 33.4 

The curves on the fo l lowing f i gu re  were purposely presented as a 
funct ion o f  s ing le  engine r e l i a h i l i t y  i n  oi-der t o  determine a t  what 
s ing le engine r e l i a b i l i t y  value i t  no longer was cost  e f fec t i ve  t o  use 
a var iab le th rus t  engine instead o f  a f i xed  th rus t  engine. 

Exanination o f  the f a r  r i g h t  hard s ide o f  the f i gu re  reveals tha t  
the var iab le th rus t  engine i s  cos t  e f fec t i ve  f o r  a l l  s ing le  engine r e l i -  
a b i l i t i e s  less than 0.915. Since i t  i s  h igh ly  un l i ke l y  tha t  any engine 
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can have r e l i a b i l i t y  as high as a 0.9995, the var iable  thrust  engine con- 
cent i s  the preferred candidate from a r e l i a b i l i t y / c o s t  e f f e c t i v e  trade- 

o f f  point  o f  view. 
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5. MISSION AND COST EFFECTIVENESS SENSITIVITY 

5.1 INTRODUCTION 

A computer model o f  the reusable pressure fed booster system was 

Tne s i g n i -  
constructed by s imulat ing the bas ic  components of the bocst veh ic le  i n  
teyms o f  t h e i r  weights, r e l a t i v e  in te rac t ions ,  and costs. 
f i c a n t  d i v i s ions  o f  the o v e r a l l  booster system were the p r c r e l l a n t  storage 
subsystem, the engine subsystem, p rope l l an t  supply subsystem inc lud ing  
feed l ines ,  the prope l lan t  pressur izat ion subsystem, and the dynamic sub- 
system which r e l c t e s  the weights and in te rac t i ons  o f  the booster subsys- 
tems named w i t h  the bas ic  rocket  propuls ion equations. 
var iables were: 

The independent 

Oxi d i  zer  temperature - (-282OF) 
Fuel temperature - ( 7OoF) 
Number qf Engines i n  the Boat T a i l  - 7 
Ve loc i ty  Del ivered t o  the O r b i t e r  - 5700 f t / s e c  
Chamber Contraction Rat io  - 2: l  
Thrust t o  Take-Off Weight Rat io  - 1:3 
Chamber L/D - 1:4 
Payload - 1.1 m i l  l i o n  pounds 
Tank Ul lage - 3 percent 
Engine Type - Regenerative 
Propel lant  Type - LOX/RPl 
Thrust Vector Control - Gimbal 

The program as present ly  cons ti tu ted  consi s t s  o f  45 subroutines , each 
descr ib ing the various l e v e l s  o f  operations o f  the main subsystems mentioned 
above. The model i s  o f  the e l a s t i c  type i n  t h a t  a l l  veh ic le  hardware ad- 
j u s t s  t o  the g'ven pressure and performance spec i f i ca t ions .  For t h i s  study, 
the booster model was u t i l i z e d  t o  determine the a f f e c t s  on t o t a l  cost  and 
gross l i f t - o f f  weight (GLOW) brought about by changes i n  l i n e  pressure 
drops, combustion chamber pressure drops, s p e c i f i c  impulse and drag. 

i h 
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5.2 DISCUSSION 
i 

- .  

! 

- t  

The a f f e c t  o f  engine weight on the booster gross l i f t - o f f  weight 
(GLOW) and cost  was evaluated by increas ing the weight o f  eacn o f  the 
seven booster engines by one pound. The a f f e c t  on GLOW i s  displayed as 
Curve A o f  Figure 5.0-1. The a f f e c t  o f  t h i s  weight v a r i a t i o n  on the cost  
o f  the booster was amortized over a range o f  20 t o  90 missions and the 
exchange r a t i o ,  t h a t  i s ,  the cost  per  pound o f  engine weight per mission, 
i s  shown i n  Curve B. The cumulative a f f e c t  o f  t h i s  increase o f  one 
pound i n  engine weight f o r  20 t o  90 missions i s  shown as Curve C. 

The a f f e c t  o f  stagnat ion pressure change w i t h i n  the combustion cham- 
ber was evaluated by increas ing the pressure drop between the chamber head 
end and t h r o a t  stagnat ion pressure by one psia. 
was he1 d constant , thereby ho l  d i  ng the speci f i c impul se cons tan  t. The 
a f f e c t  o f  t h i s  one ps ia  change was t o  increase the back pressure on the 
feed system, and t h i s  increase i s  r e f l e c t e d  a l l  the way back t o  the pro- 
p e l l a n t  tanks. The a f f e c t  o f  t h i s  change on the GLOW i s  noted i n  
Figure 5.0-2 as Curve A. 
over a range o f  20 t o  90 missions w i t h  the exchange r a t i o ,  L e . ,  d o l l a r s  
per ps ia  per mission, shown as Curve B. 
per ps ia  as a func t ion  o f  the number o f  missions i s  shown as Curve C. 

Throat stagnat ion pressure 

The cost  a f f e c t  o f  t h i s  change was evaluated 

The cumulative a f f e c t  i n  d o l l a r s  

The a f f e c t  o f  the f u e l  system pressure changes were evaluated by 
increasing the pressure drop o f  the f u e l  feed system by one p s i .  The 
a f f e c t  on GLOW i s  i l l u s t r a t e d  as Curve A o f  Figure 5.0-3, Curve B gives 
the exchange r a t i o  i n  terms o f  d o l l a r s  per  p s i  per  mission, and Curve C 

i l1u;trates the cumulative a f f e c t  o f  t h i s  one p s i  increase as a func t i on  
o f  the number o f  missions. 

The a f f e c t  o f  the ox id i ze r  feed system pressure changes were evaluated 
i n  a manner s i m i l a r  t o  t h a t  used above f o r  the f u e l  system. The l i n e  
resistance o f  the ox id i ze r  s ide  was increased t o  produce a one p s i  increase 
i n  the ox id i ze r  feed l i n e  loss. The a f f e c t  on GLOW i s  i l l u s t r a t e d  as 
Curve A i n  Figure 5.0-4. The cost  exchange r a t i o  i n  terms o f  d o l l a r s  per  
p s i  per mission i s  shown as Curve B, and the cumulative a f f e c t  i n  d o l l a r s  
per ps i  as a func t ion  o f  number o f  missions i s  shown as Curve C. 
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The boGster s e n s i t i v i t y  t o  s p e c i f i c  impuJse v a r i a t i o n  i s  i l l u s t r a t e d  
i n  Figure 5.0-5. The s p e c i f i c  impulse o f  each o f  the seven engines was i n -  
creased by 1.0 lbf-sec/lbm f o r  the same chamber and th roa t  stagnat ion 
condit ions, thereby increas ing only  the nozzle e x i t  v e l o c i t y  wh i l e  a l l  the 
feed system paraweters remain constant. The a f f e c t  on GLOW i s  i l l u s w a t e d  
as Curve A o f  Figure 5.0-5. The cost  exchange r a t i o  i n  terms o f  d o l l a r s  
per u n i t  o f  s p e c i f i c  i:r,pulse per mission i n  shown as Curve B, and ;he 
cumulative a f f e c t  o f  ail increase o f  one u n i t  o f  s p e c i f i c  impulse as a 
func t i on  o f  the number o f  missions i s  shown as Curve C. 

A compar'son o f  the f i gu res  discussed thus f a r  discloses the r e l a -  
t i v e  i n s e n s i t i v i t y  of both +.ne booster cos t  and GLOki t o  changes i n  engine 
weight. Both the GLOW and booster cost  are, however, extremely sens i t i ve  
t o  any change i n  pressure drop i n  the feed system o r  i n  the combustion 
chamber t h a t  changes the tank u l l a g e  pressures. For instance, on the 
bas is  o f  cost  the fo l low ing  are equivalent:  

A Uni tary  Increase I n  
The Fol 1 owing Change 
i n  Engine Weight 

-1515 lb f /engine 
338 1 bf /engi  ne Eaui va len t  

Spec i f i c  Impulse ( lbf-sec/ lbm 
AP Oxid izer  Feed System (ps id)  

198 1 bf/engine 
536 1 b f  /engi ne 

t o  I '  AP Fuel Feed system (ps id)  
AP Combus ti on Chanber ( p s i  a) 

The s i ze  o f  t9e prope l lan t  tanks as d i c t a t e d  by t h e i r  volume and pressure 
i s  o f  commznding importance t o  the booster system i n  both cos t  and weight 
cons i dera ti ons 

One way t o  reduce the tank pressures i s  t o  reduce the combustion 
chamber pressure. This has the a f f e c t  o f  lowering the tank pressure on 
both the ox id i ze r  and f u e l  sides and, as can be seen from Figure 5.0-2, 
has the greatest  a f f e c t  i n  weight amd do l l a rs ,  w i t h  the exception o f  
s p e c i f i c  impulse, on the booster. 
o f  a booster cost  and weight op t im iza t ion  wi th respect t o  the chamber 
pressure o f  the seven engines. The chamber pressures were var ied  from 
100 ps ia  t o  450 psia. 
the optimum chamber pressure occured a t  300 psia.  Below the optimal 
chamber pressure po in t ,  an increase i n  drag loss on the veh ic le  due t o  the 

Figures 5.0-6 and 5.0-7 are the ' resu l t  

I t  was noted that ,  wi th respect t o  booster weight, 
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increased boat t a i l  diameter brought about by tne increased chamber s ize 
detracted i n  a manner greater than the gains produced by a reduction o f  
tank weight due t o  lower tank pressures. When the t o t a l  vehic le cost i s  
p lo t ted  against chamber pressure, the optimal chamber pressure occurs a t  
168 psia for 20 missions. 
optimal-chamber-pressure and the cost-optimal -chamber-pressure i s  brought 
about by the dif ferences i n  the cost exchange r a t i o s  o f  the various com- 
ponents o f  the booster system. 
are sunmarized below: 

The d i f ference between the booster weight- 

Some o f  the important cost exchange r a t i o s  

SIGNIFICANT COST RATIOS 

Prope 1 1 ant Tanks $45/1 b f  
Structure $40/1 b f  
Regenerative Chambers $0.33/lbf th rus t  + $10090 
Valves $0.0 1 / 1 3 t h  rus t-en g i 
In jec to r  $G.OZ/lb thrust-engine 

Pressurization System $100/lbf 
Propellant - LOX $0.0125/1 b f  

Fue 1 $0.02/1 b f  
TVC System $0.10/1 bf-thrust-engine 
Recovery System $3.00/1 bin-recovery system 
Feed Lines $401 1 bm 

I n  short, therefore, the l i g h t e s t  vehic le i s  no t  the cheapest. The 
cost per mission as a funct ion o f  chamber pressure increases as the cham- 
ber pressure exceeds 168 ps ia because the increase i n  p tope l lan t  tank 
weights i s  predominant. Cost increases f o r  chamber pressures below 168 
psia, because o f  the increase i n  boat t a i l  diameter due t o  the large 
chamber diameter, i s  predominant , resu l t i ng  i n  creased drag losses. I t  
should be re-emphasized tha t  i n  constructiqg Curves 1 and 2 the AV del ivered 
t o  the orb-i ter was held constant a t  5,700 fee t  per second, the g t  losses 
were held constant, and the var ia t ion  i n  t o t a l  booster AV was brought about 
so le ly  by the va r ia t i on  i n  drag losses as produced by changes i n  the boat 
t a i  1 O i  ameter. 
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O f  prime importance i n  the drag loss va r ia t i on  w i th  boat t a i l  diameter 
i s  the drag fac to r  i n  terms o f  f e e t  per second o f  AV per square f o o t  o f  boat 
t a i l  base area. The system sensit iv-ky t o  the drag fac to r  was parametri- 
c a l l y  invest igated i n  terms o f  the minimum cost o f  the booster i n  do l la rs  
per mission and minimum weight as i l l u s t r a t e d  i n  Figures 5.0-8 and 5.0-9. 
These f igures i l l u s t r a t e  the s h i f t  i n  the cost and weight optimal-chamber- 
pressure w i th  respect t o  the drag fac to r  f o r  a range o f  drag factors  
varying from 0.1 t o  0.7 f e e t  per second per square f o o t  of boat t a i l  area. 

5.3 CONCLUSIONS 
The resu l ts  o f  the study thus f a r  show tha t  there i s  a large d i f f e r -  

ence i n  the optimum combustion chamber pressure, depending on the assump- 
t i o n  used f o r  booster boat t a i l  drag. There i s  a lso a s i g n i f i c a n t  
var ia t ion  depending on whether one optimizes for minimum cost o r  minimum 
weight. Also o f  prime importance i s  the conclusion tha t  the booster cost  
and weight i s  insens i t i ve  t o  changes i n  engine weight. However, both 
booster weight and cost are very sensi t ive t o  any change i n  feed system 
pressure drop. 
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6. SUPPORTING RESEARCH AND TECHNOLOGY REQUIREMENTS 

The TRW PFE approach as selected maximizes the advantages o f  a s ta te -  
o f - the-ar t  approach and minimizes the scope o f  supporting research and 
technology requirements. 
there are ce r ta in  unknown areas which requ i re  supporting research i n  order 
t o  f i n a l i z e  the design approach. These areas are summarized here. Most 
can be accomplished i n  9 t o  12 month ana ly t i ca l  and experimental programs. 
The derived data would be d i r e c t l y  appl icable t o  PDR phases i n  the develop- 
men t program. 

Because i t  i s  a new engine w i t h  long service l i f e ,  

6.1 INJECTOR 

Status 

s i g n i f i c a n t  s ize  step i n  i t s  appl icat ion.  The la rges t  s ize  u n i t  ever 
The scal ing o f  the coaxial p i n t l e  i n j e c t o r  t o  1,200K represents a 

t e s t  f i r e d  was a t  
sponsors h i  p. The 
I n  no case has i t  

formance has been 
approach has been 

250K thrust ,  300 ps ia w i t h  ear th  storables under A i r  Force 
l a rges t  u n i t  t e s t  f i r e d  wi th  L02/RP-I was 50K a t  250 psia. 
been possible t o  d r i v e  the u n i t  unstable, and i t s  per- 
adequate f o r  the pressure f e d  booster appl icat ion.  The 
t h r o t t l e d  5:l mechanically i n  a l a rge r  s i z e  (250K), and, 

i t  has been pressure t h r o t t l e d  30% from 300 ps ia  wi thout  i ncu r r i ng  chugging 
problems. The type o f  t e s t i n g  requi red i s  n o t  t h a t  f o r  a s i g n i f i c a n t  
technological break through, bu t  more o f  v e r i f i c a t i o n  o f  approach. 

Jus ti f i c a t i  on 
The primary unknown i n  the approacb i s  associated w i t h  it: A l i t y  t o  be 

scaled t o  1,200K whi le  re ta in ing  i t s  prev ious ly  demonstrated s t a b i l i t y  and 
performance charac ter is t i cs .  
have been we1 1 documented f o r  compari son ( F-1 , M-1 ) . 

Previous large engine scal ing d i f f i c u l t i e s  

Technical Approach 

w i  t h  the i ndi cated techni ques : 
The object ives o f  t h i s  task would be t o  inves t iga te  the fo l l ow ing  areas 
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Area - 
0 Stabi 1 i ty, High Frequency 

0 Low Frequency 

0 Pressure Th ro t t l e  L imi ts  

0 Performance Scalabi 1 i ty o f  
TRW Coaxial I n jec to r  

- -  

Technique 
Uncooled 1,200K b o i l e r  p la te  
chamber 
Bomb and pulse gun 
Uncooled 1,200K boi  l e r  p la te  
chamber, feed system simulation, 
pulse feed system 
Pressure decay f o r  l i m i t s  

0 Minimum hP/PC 

0 Pulse System 
Uncooled, cooled chambers - 
simulate fuel temperature, 
shor t  dura ti on 

0 250,000 l b f  sca l ing 
0 1,200K b o i l e r  p la te  
0 L/D segment addi t ions 
0 MR, Pc sweeps 
0 AP requirements 

This e f f o r t  would require a 12 month technical e f f o r t .  

6.2 IGNITION 

Status 

s im i la r  t o  tha t  used i n  the F-1 . The 1,200K PFE i s  the la rges t  device 
y e t  conceived which requires an a u x i l l i a r y  i g n i t i o n  source. As a large 
device the requirements f o r  a safe i g n i t i o n  o f  L02/RP-1 must be care fu l l y  
determined by synthesis o f  theory and empericism. Successful TEA i g n i t i o n  
o f  L02/RP-1 has been conducted i n  a 50K L02/RP-1 PFE. The F-1 has a lso  
been ign i ted  by TEA/TEB when operated as a PFE a t  high pressure. 

The selected means f o r  i g n i t i o n  o f  the PFE i s  by hypergol slug 

Jus t i f i ca t i on  

i s  t ha t  o f  sequencing the propel lacts and hypergol i n t o  the large PFE 
chamber. The coaxial i n jec to r  i s  s u f f i c i e n t l y  d i f f e r e n t  from the F-1 t o  
necessitate an inves t iga t ion  o f  the candidate i g n i t i o n  system. 

The primary unknown area associated w i th  the PFE i g n i t i o n  requirements 
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Technical Approach 
The i g n i t i o n  requirements would be determined by conducting a ser ies 

o f  i g n i t i o n  tes ts  i n  b o i l e r  p l a t e  hardware a t  both 250K and 1,200K t h r u s t  
leve ls .  The quant i t y  o f  hypergol, the number o f  required points  o f  i n -  
jec t ion ,  and the amount o f  f u e l  f l u s h  requi red t o  accomplish the i g n i t i o n  
sa fe ly  would be determined from various sequences. 

6.3 MAIN VALVES 

Status 
The main valve requirements are no t  p a r t i c u l a r l y  s t r i ngen t  o r  burden- 

some t o  the designs. 
tank pressure heads locked up behind them a t  i g n i t i o n .  A t  t h r u s t  termina- 
t i o n  command t o  shut o f f  they must adequately seal the prope l lan t  f lows, 
again w i t h  h igh tank pressures behind them. Commercial use o f  the type o f  
valves contemplated ind ica tes  nu woblem i n  repeated actuat ion f o r  the 
number o f  cycles contemplated f o r  the Space Shlrtt le. The usual commercial 
environment does not, however, have a s izeable g - f i e l d  imposed on it. 
The r e p e a t a b i l i t y  o f  the valves t o  meet precise s t a r t / s t o p  t rans ien t  
requirements has never been demonstrated. None o f  these valves have ever 
been c y c l i c l y  exposed t o  sea water. 

However, the valves are large, and they have f u l l  

Jus ti f i c a t i  on 

aerospace f l i g h t  requirements t o  wi thstand given g - f i e l d s  and s t a r t / s t o p  
t rans ients  necessi tate an i nves t i ga t i on  o f  the bas ic  design f o r  the Space 
Shu tt 1 e appl i ca t i  on. 

The h igh pressure loadings conbined w i t h  the r e s u l t a n t  h igh seat  loads, 

Technical Plan 

urat ions f o r  both the LO2 and RP-1 would be acquired and the fo l lowing 
invest igat ions ca r r i ed  out. 

Since the basic design approach requires some v e r i f i c a t i o n ,  conf ig-  

- Area Te c hn i que 
0 Cyc l ic  seal l i f e  Cycle simulated seal t o  f u l l  

e Un i t  seal loads 
duty  cyc le  w i t h  p rope l lan t  

0 Cryogenic sea water 

0 Simulate loads 
exposure 

This requires an 8 month technical  e f f o r t .  
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6.4 THRUST CHAMBERS 

Status 
The cool ing concept i t s e l f  i s  state-of-the-art.  The Atlas, H-1, F-1 

background data i s  s u f f i c i e n t  for  the design o f  the th rus t  chambers from 
a coolant po in t  o f  view. The l i f e  and exposure environment c y c l i c  e f fec ts  
have never been proven f o r  the mission requirements of  Space Shutt le. Sea 
water exposure e f fec ts  have been only b r i e f l y  investigated. An H-1 engine 
was given a minimal exposure t o  sea water, ca re fu l l y  taken apart, cleaned, 
reassembled and f i red;  however, t h i s  exercise was 2 long ways from the 

Space Shutt le vehicle. The long te rm 

on are l a rge ly  unknown. 

desired operational philosophy o f  the 
e f fec ts  o f  repeated cyc l ing  o f  corros 

Jus t i f i ca t i on  
The rea l i zd t i on  o f  the f u l l  cost savings po ten t ia l  o f  the Space Shutt le 

concept requires that. the TCA exh ib i t  f u l l  mission capab i l i t y  w i th  a min i -  
mum o f  refurbishment and replacement. The unknown e f fec ts  o f  sea water 
quenching, fo l lowing f u l l  thermal cycl ing, fol lowed by c y c l i c  exposure t o  
the atmosphere aRd sea water requi rz  inves t iga t ion  t o  gain confidence i n  
the design and f a b r i c a t i w  techniques. 

Technical Approach 
I t  i s  suggested tha t  most o f  the required data can be acquired w i th  

a smaller PFE on the order o f  50,000 l b f .  This u n i t  would be thermally 
cycled through i t s  l i f e  and s a l t  water quenched a f t e r  each f i r i n g .  I n  
addi t ion, the chamber would be pe r iod i ca l l y  exposed t o  24 hours o f  sea 
water immersion, drained, f lushed and re f i red .  
t i o n  o f  the chamber along w i th  the use o f  s t r a i n  data and pressure 
proof ing tests  would provide data f o r  design purposes. Following the f i n a l  
tests  , the chamber would be purposeful ly pressure ruptured t o  determine i t s  
f i n a l  margin. 
term, if any, deleterious e f fec ts  o f  coking and sea water exposure, both i n -  
ternal  l y  and external ly.  

Careful physical examina- 

I n  addit ion, the tubes would be sectioned t o  determine long 

6.5 FUEL SYSTEM COUPLING 

Status 

A l l  veh ic le  designs reconize tha t  the pressure gain r a t i o s  f o r  the PFE 
stage are conriderably la rger  than f o r  a pump fed  engine. Because o f  a 
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POGO s u s c e p t i b i l i t y  on S-1C and t h i s  high gain r a t i o ,  there ex i s t s  some 
question as t o  the designer’s a b i l i t y  t o  synthesize a r e l i a b l e  pressure fed  
stage, However, there are a number o f  m i s s i l e  pressure fed systems f l y i n g .  
I n  addit ion, the de l i ve ry  ends o f  the Apol lo  vehicle, the Comand Service 
Module, the descent and ascent stages are a l l  pressure fed  and f l y  wi thout 

d i  ff i cul  ty 

The problem on S-1C was a l l e v i a t e d  by use o f  a capacitance i n  the feed sys- 

tem. This f i x  was v i r t u a l l y  d i c ta ted  by the f a c t  t h a t  the stage design was com- 
p le ted  when the problem was discovered. It was no t  necessar i ly  the most optimum. 

J u s t i f i c a t i o n  
Low frequency prope l lan t  system coupling w i t h  the  PFE can lead t o  destruc- 

t i o n  o f  the stage o r  an unacceptable g-loading on personnel o r  components. The 
aser t ion that  the TRW PFE has a s t a b i l i z i n g  in f luence on such coupling requires 
v e r i  f i c a  t i cn .  

Technical Approach - 

blem area t o  a i d  i n  the design o f  the ove ra l l  stage. Actual de ta i l ed  
dynamic response analysis would be conducted f o r  the PFB. A d i r e c t  compari- 
son would be made wi.h the S-1C problem, i n  order t o  provide an assessment 
o f  the problems o f  low frequency coupling. 

The developed ana ly t i ca l  t oo l s  are adequate t o  inves t iga te  t h i s  pro- 

6.6 OVERALL DEVELOPMENT RISK ASSESSMENT 

The conservative design approach taken with the TRW PFE r e s u l t s  i n  a 
high confidence that  the PFE can be developed w i t h i n  the Space Shut t le  time 
reference requirements. Because o f  i t s  s i m q l i c i t y  and the maximizing o f  
s ta te-of - the-ar t  procedures and mater ia ls  select ions , the cost estimates o f  
such an e f f o r t  can be looked upon w i t h  a high degree o f  confidence. The 

primary development e f f o r t  can then be d i rec ted  t o  a demonstration o f  l i f e  
and the development o f  low cost f ab r i ca t i on  and maintenance procedures. 
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7. MANUFACTURING AND REFURBISHMENT REQUIREMENTS 

7.1 MANUFACTURING REQUIREMENTS 

7.1.1 Overal l  Program Control 

A manufacturing and acqu is i t i on  f low char t  has been prepared t o  show 
the i n te rna l  coordinat ion o f  the responsible performing organizations and 
t h e i r  f u n c t i  ons. 

On the PFE Program, a v a r i a t i o n  o f  the TRW Mat r l x  Management System 
i s  u t i l i z e d  reducing the  func t iona l  support t o  i minimum. Figure 7.1-1 depicts 
the func t iona l  responsibi li t i e s  and the coord inat ion o f  the various organi - 
zations i n  the acqu is i t i on  o f  hardware. 

0 Pro jec t  O f f i c e  releases the  ove ra l l  program plan and schedule 

0 The Hardware Ass is tant  Program Manager i d e n t i f i e s  the  hardware 
requirements and associated schedule 

0 The development and design engineer as we l l  as the Manufacturing 
Engi neer i  ng and Hardware Support (MEHS) Section review the ove ra l l  
Program O f f i c e  requirements. Engineering issues t h e i r  pre l iminary 
design in format ion and t h e i r  requirements f o r  special  dev?lopment 
hardware. 

0 A f t e r  an analysis o f  the  Program O f f i c e  and Engineering requirements, 
MEHS provides the  analysis t 'J the  appl icable support organizations 
and obtains inputs  from the support organizat ions as requi red t o  
generate an o v e r a l l  manufacturing and a c q u i s i t i o n  plan. 

0 Work author izat ions,  inc lud ing  estimated costs, are then generated, 
coordinated w i t h  the Ass is tant  Program Manager (APM) f o r  approval , 
and released t o  the support organizations. 

During the f a b r i c a t i o n  and a c q u i s i t i o n  cycle, MEHS provides s tatus and 
earned value repor ts  t o  the APM and Program Of f i ce .  The manufacturing p lan  
and engineering drawihgs are updated on a continuous basis r e f l e c t i n g  engi- 
neering and manufacturing changes as we l l  as the e f fec ts  o f  hardware ccsts.  
The issuance o f  hardware w i l l  be monitored against  a c a n - w i l d  repo r t  and 
contro l  l e d  by Parts Accumulation 1.i s t s  (PAL). Unplanned hardware w i  thdrawls 
a t  the t e s t  f a c i l i t i e s  and i n t e g r a t i o n  f a c i l i t i e s  r e s u l t i n g  from expended 
hardware replacement and damage w i l l  be monitored on a cont inuing basis f o r  
the reorder o f  spares as required. Inventory haraware w i l l  be con t ro l l ed  
against the max/min requirements establ ished by MEHS and the earned value 
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repor t  w i l l  be monitored on a monthly basis t o  maximize the overa l l  cost 
effectiveness. 
Logis t i c s  w i th  expended hardware being surplussed. 

Used and expended hardware w i  11 be contro l  l ed  through 

I t  should be noted tha t  f o r  t h i s  study the f i n a l  in tegra t ion  and 

assembly area was assumed t o  be located a t  Edwards A i r  Force Base, Lancaster, 
Ca l i fwn ia ,  although t h i s  loca t ion  i s  no t  c r i t i c a l  t o  the study f indings. 

A l l  major subcontract items and hardware w i l l  be de l ivered t o  t h i s  s i t e .  
Nondestructive tes t i ng  w i l l  be Performed p r i o r  t o  a l l oca t i on  t o  the pro- 
duction cycle o r  t o  stores as f l i g h t  refurbishment spares. 

The engine manufacturing p lan has been r e f l e c t i n g  the basel ine re-  
generative chamber configuration. The basic plan i s  given i n  Figure 7.1-1. 

No c r i t i c a l  items have been idenk i f i ed  as having major manufacturing 
problems. The hardware de ta i l s  are present ly configured can be fabr icated 
i n  a cost  e f fec t i ve  and t imely  manner by establ ished c o m r c i a l  practices. 
No major manufacturing breakthroughs o r  spec ia l l y  designed manufacturing 

machine too ls  are envisioned. Time span studies f o r  a l l  engine long lead 
items are compatible w i th  the development and de l i very  schedules. 

A po ten t ia l  c r i t i c a l  long lead i tem has been defined as the th rus t  
chamber braze facilities f o r  the regenerative engine conf igurat ion i f  the 
vacuum braze process i s  used. The only vacuum furnace f a c i l i t i e s  o f  adequate 
size i d e n t i f i e d  t o  date are those a t  Rocketdyne. I n  the event the braze 
furnace f a c i l i t i e s  a t  Rocketdyne w e  no t  avai lab le f o r  t h i s  project ,  new 
f a c i l i t i e s  would be made avai lab le i n  twelve months. The twelve-month 
schedule f o r  the brazing f a c i l i t y  i s  campatible w i t h  the cngine development 
program but  does no t  leave a margin. 
manufacturing techniques w i l l  be considered, L e .  
atmosphere furnace. 

For i n i t i a l  development un i ts ,  other 

using a cont ro l led  

! 
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TRW has identified several companies which  have established trpzk 
records i n  brazing technology. These companies have quoted on the assem- 
bly and brazing of the TRh! Regeneratively Cooled 1 .2  mi l l ion  pound thrust 
engines and these costs are reflected i n  the Cost Summary Volume. 

7.2 REFURBISHMENT REQUIREMENTS 

TRW has introduced the refurbishment requirer,:ents of the PFE i n t o  the 
design and has carried this concept through every phdse of this study t o  
ensure compati b i  1 i t y  w i t h  the overall vehicle reuse concept - 

7.2.1 Refurbishment Levels 

Refurbishment divides into three levels: 

a )  On-line refurbishment is performed on equipment i n  its installed 
configuration and i s  confined t o  fault isolation, parts removal 
and replacement, system test and calibration, and system inspection 
and servi cing . 

b) Bench 'refurbishment comprises those repair tasks which cannot be 
effectively accomplished i n  its installed confiquration. These 
actions nohnal ly kquire extensive troubleshooting and replacement 
of ei thcr e!ectriral piece parts, integrated circuits , mechanical 
subsystems o r  piece parts , and includes alignment of subassemblies 
and possible component modification. 

c) Depot refurbishment is minimized by limiting its use t o  repair and 
failure analyses of sealed modules and critical replacement parts 
which requi re technical and faci 1 i ties capabi 1 i ties beyond t h a t  
either a t  the customer's or the launch s i te  maintenance facility. 
Depot refurbishment would be performed a t  EAFB or  a t  the original  
fabrication plant. 

I 

7.2.2 Refurbishment Class 

a) Preventive refurbishment are those actions which  can be scheduled 
ldeferred) to  be performed w i t h o u t  disruption o f  system performance. 
Calibration, lubrication, inspection, and most bench repair fall 
i n t o  this category. Upgrading o f  hardware and mean preventive 
maintenance are regarded as scheduled refurbishment . 

b) Corrective refurbistunent are those refurbishment actions resulting 
from malfunctions occurring i n  the operational systems preflight 
checks or operating system. These actions cannot be deferred or 
scheduled and must be taken imnediately. Fault isolation, removal 
and replacement, and some bench maintenance are in this category. 
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7.2.3 Overal l  Refurbishment Operation 

Refurbishment operation per ta ins  t o  t h e  PFE program f l i g h t  support 
phase. The replacement philosophy establ ished f o r  the  PFE s u p j o r t  program 
was t h a t  fourteen spare engines would be ava i lab le  and the ac t i ve  engine 
components would be replaced once dur ing the  f i f t y  missions. A "Cost Wear 
Curve For  Replacement" i s  presented i n  Figure 7.2-1 and shows the wear ou t  
r a t e  and average replacement of a c t i v e  components versus the average engine 
l i f e .  Act ive spares u t i l i z e d  f o r  the cost ing o f  spare par ts  t i t l e d  

"Hardware Items Costing Breakout'' i s  presented i n  Table 7.2-1. A one percent 
ac t i ve  spare replacement was estimated k-- the  t i n e  between the r e c e i p t  
o f  a f l i g h t  engine a t  the launch s i t e  through a l l  checkout and func t iona l  
t es ts  and veh ic le  i n s t a l l a t i o n .  

7.2.3.1 On-Li ne Refurbishment 

On-l ine refurbishment (Levels 1 and 3, Class I )  would be performed on 
the engine i n  the veh ic le  cur ing  the  mission l i f e  span o f  f i f t y  f l i g h t s .  
I n  the event o f  damage sustained dur ing  recovery, refurbishment a t  Levels 2 
and 3, Class 11, would undoubtedly be required. It i s  n o t  expected t h a t  
depot repai rs ,  l e v e l s  3, Class 11, would impact t he  f l i g h t  schedules. 

7.2.3.2 Ref u r b i  shment Spares 

Refurbishment spares would be stored a t  t h e  launch s i t e  and would be 
maintained against  estab l ished rnaximum/minimum on-hand quan t i t i es .  

7.2.3.3 Depot and Launch S i t e  Personnel 

TRW w i l l  e s t a b l i s h  a crew o f  t ra ined  personnel f o r  assignment t o  the  
depot and launch s i t es .  A t r a i n i n g  program w i l l  be e s t a b l i s b d  f o r  the, 
i ndoc t r i na t i on  and t r a i n i n g  o f  personnel whose j o b  assignments i n t e r f a c e  w i t h  
the PFE systems and whose work r e l a t e s  t o  the  removal o f  t h e  engines from the 
vehic les , refurbishment, t ranspor t ing  o f  the engine sys:-ms hardware, and/or 

the ma i i , t a inab i l i t y  o f  t he  de l i ve rab le  STE. This t r a i n i n g  course would 
only  address technology pecu l i a r  t o  the  design o f  t h e  TRW PFE hardware. 

c L 
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7.2.4 Typical Steps and Procedures f o r  Low Cost 
Booster Engine Refurbishment 

I 

1 

A f t e r  the booster has been returned t o  the VAB s l i p ,  vented, and 
posi t ioned i n  a v e r t i c a l  a t t i t u d e ,  f l ush ing  o f  the e x t e r i o r  o f  the engines 
w i l l  begin. A thorough wash down o f  a l l  the e x t e r i o r  surfaces w i l l  be 
made using deioniz2d water. The water w i l l  be fed  t o  the f l u s h  hoses 
through a Flush and Purge Pump F a c i l i t y  a t  approximately 100 ps i  pressure. 
A f t e r  a complete wash down, the engines w i l l  be d r i e d  on the e x t e r i o r  by 
high pressure GNp purging from the  above Flush and Purge F a c i l i t y .  The 
hypergol i g n i t i o n  s lug  w i l l  be removed and replaced by a blank spool which 
can be t ightened t o  be leak prclof dur ing f l u s h  and purge operat ions.  

The engines w i l l  be inspected f o r  any e x t e r i o r  physical  damage, inc lud ing  
umbi ' l i ca l  connectors , damaged prope l lan t  manifolding, cracked o r  separated 
regen tubes, TVC mechanism, hypergol system, p rope l lan t  valves , bel  lows 
j o in t s ,  and chamber and HEA damage. 

A t  t h i s  time a v i sua l  inspect ion w i l l  be made t o  determine s a l t  water 
ingest ion i n t o  the engine systems. Engine covers, ac t i va ted  p r i o r  t o  reentry,  
w i l l  be opened hyd rau l i ca l l y  t o  a l low inspect ion,  Wipe t e s t  samples w i l l  be 
taken o f  the i n t e r i o r  wa l ls  o f  chamber and analyzed f o r  NaCl content. 
t e s t  w i l l  be a q u a l i t a t i v e  t e s t  only. 
checked f o r  proper operation a t  t h i s  time wh i le  the hydraul ic  power i s  hooked 

up. The gas actuat ion b o t t l e  w i l l  be recharged t o  spec i f i ed  pressirre l eve l  
and a pressure decay check made. 

(- 
This 

The engine e x i t  closures w i l l  be 

Zero leakage must be at ta ined, 

Should there be no s a l t  water i n j e s t i o n  i n t o  the engine' system, the 
normal procedure o f  connecting the Electro-Mechanical Test Set and prepara- 
t i o n  f o r  EM'S w i l l  begin. The t e s t  se t  consists o f  a power supply w i t h  
approximately 50 cont ro l  channels o f  28 VDC each t o  operate various contro ls  
on the engine system. Each engine component w i l l  be actuated t o  ensure 
proper operation. The prope l lan t  valves w i l l  go through t im ing  checks f o r  
opening and c los ing  t o  ensure t h a t  they are w i t h i n  p r e f l i g h t  s p e c i f i c a t i o n  
l i m i t s .  A check l i s t  w i l l  be u t i l i z e d ,  and as each parameter i s  checked and 
approved, the i tem w i l l  be checked o f f  the  l i s t .  The items t h a t  are classed 
as l i m i t e d  serv ice replaceable w i l l  be replaced as they appear on the check 
l i s t  and electro-mechanical ly checked dur ing t h i s  operation. Should there be c 
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malfunctions o f  any component, the component w i  11 e i t h e r  be repai red o r  
a new one i n s t a l l e d .  
t o  ensure the proper operation. 
operated component, th2y w i l l  be located and corrected dur ing these e lec t ra -  
mechanical checks. 
checks and pressure decay checks made. Spec i f i ca t ion  leakage w i l l  be 
at ta ined before the  i tem i s  checked o f f  on the l i s t .  

I t  w i l l  then be electro-f lechanical ly checked again 
Should there be leaks on any pneumatically 

Proper operation pressure w i  11 be appl ied dur ing these 

I f  there i s  i n d i c a t i o n  o f  p o s i t i v e  tes ts  f o r  s a l t  water inges t ion  i n t o  
the engine system, the engines w i l l  be inspected f o r  corrosion and evidence 
o f  hydrocarbon contamination i n  the LOX system. Visual  inspect ion o f  
corrosion w i l l  be made and i f  evidence o f  p i t t i n g ,  errosion, and/or s t r u c t u r a l  
damage appears , mechanical measurements w i  11 be made w i  t h  metal l u r g i  ca l  
devices t o  determine ex ten t  o f  damage. Decision w i l l  then be made t o  replace 
o r  repa i r  t h a t  damaged component. Hydrocarbon presence w i  11 be determined 
by u l t r a  v i o l e t  l i g h t  detect ion.  Should hydrocarbon be present, the c m -  
p l e t e  LOX c i r c u i t r y  w i l l  be f lushed w i t h  a hydrocarbon-removing chemical by 
no less than three complete passes through the  syste7 o f  clean h o t  chemical 
so lu t ion.  

This f l u s h  w i l l  be fol1ow;td by d four-pass f l u s h  w i t h  clean deionized 
water. The f u e l  system w i l l  a l so  be f lushed w i t h  deionized water three 
times t o  remove s a l t  water. Both systems w i l l  then be ho t  GN2 purged u n t i l  
the e f f l u e n t  gas shows a dewpoint o f  -8OOF o r  be t te r .  Another hydrocarbon 
check w i l l  be made o f  the contaminated areas t o  determine i f  the cleaning 
was e f fec t i ve .  
such as regen tube cracks, welding separation and f ractures,  OX gap erosion 
and/or malformation due t o  heat, HEA surface cracks and p i n t l e  t i p  er ros ion.  
Oxidizer gaps w i l l  be measured t o  determine any dimensional change. The 
fuel p i n t l e  gap concen t r i c i t y  measurement w i l l  be made t o  determine proper 
p i n t l e  alignment. Should there appear t o  be any ''out o f  spec i f i ca t ion" ,  
changes, correct ions w i l l  be made a t  t h i s  time. 

The i n t e r i o r  o f  the engines w i l l  be inspected f o r  damage 

The regen tubes w i l l  be inspected f o r  heat f a t i gue  cracks by using dye 
penetrant o r  Zyglo techniques. This method w i l l  be used on the heat exposed 
areas o f  the  i n j e c t o r  also. 
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The prope l lan t  valves w i l l  be openzd and the  actuator  blocked and a 

thorough inspect ion o f  the seal r i n g  and gate l i p s  w i l l  be made f o r  wear and 
scratches. 
and reworked or replaced. 

( -  

Should t h w e  be evidence o f  damage, the valve w i l l  be removed 

4 

A t  t h i s  time leak check f i x t u r e s  w i l l  be i n s t a l l e d  i n  order t o  make 
a complete leak check o f  t he  engine and i t s  subsystems. 
Set w i l l  be connected t o  t h e  prope l lan t  i n l e t s  o f  the engine o r  a p o r t  
provided j u s t  downstream o f  the p rope l l an t  valves should the engines not  
be removed from the  booster. A pressure o f  50 ps ig  w i l l  be appl ied t o  the 
regen tube system and leak check so lu t i on  w i l l  be appl ied t o  loca te  leaks, 
i f  any. This w i l l  be done t o  i n t e r i o r  and e x t e r i o r  exposure o f  the regen 
tubes. The hypergol system and mani fo ld  w i l l  be pressurized t o  50 ps ig  and 
checked f o r  leaks. 

The Pressure T e s t  

Should the i n j e c t o r  be o f  the  f i x e d  type a specia l  designed cup w i l l  be 

i n s t a l l e d  around the  p i n t l e  and a 50 ps ig  pressure appl ied t o  t h e  prope l lan t  
systems. Leak checks o f  the  valves and f langes w i l l  be performed. The 
valves packing, etc.,  w i l l  be c lose ly  checked. 
be made on the  valves. Should 
there be leakage a t  the  valves seals o r  packing, the valve w i l l  be removed 
and refurbished. Any leak a t  f langes, etc.,  w i l l  be corrected by rep lac ing  
sea'is and apply ing the proper spec i f i ed  torque on the  f lange bo1 t s  . A leak 
check w i  11 again be conducted t o  ensure correct ion.  

(-- . A pressure decay check w i l l  
Spec i f i ca t i on  leakage w i l l  be at ta ined.  

t 

Should the  engines have face t h r o t t l e  s h u t o f f  c a p a b i l i t y ,  the s t roke 
o f  the t h r o t t l e  w i l l  be checked t o  ?nsure proper spec i f i ed  l i m i t s .  This 
w i l l  be conducted w i t h  l i n e a r  type pot. 

I f  the  engines are o f  t he  duct-cooled type, the duct w i l l  be inspected 
f o r  warping, separation, c r i t i c a l  a r e i  err*osion, o r  any other  v isab le  change 
due t o  heat or pressure dur ing the previous f l i g h t .  If any o f  the above are 
found, correct ions w i l l  be made. Previous s ta ted  techniques w i l l  be used t o  
determine duct dimensional changes a 

Should the i n j e c t o r  be o f  the face :hutoff typl?, i t  w i l l  be leak checked 
by c los ing  the face and apply ing 50 ps ig  pressure t o  the i n j e c t o r .  Leak 
checks w i l l  be made a t  the face shuto f f .  C 
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I f  the  engine has a Techrol l  Ab la t i ve  Nozzle, the spent nozzle w i l l  be 
removed and a new one i n s t a l l e d  and checked f o r  proper seal w i t h  a s p e c i a l l y  
designed leak t e s t  f i x t u r e  a t  50 ps ig  pressure. 

The loaded hypergol s lug  w i l l  n o t  be i n s t a l l e d  u n t i l  the booster i s  
moved t o  the launch pad. 
checkoff procedure. 

I n s t a l l a t i o n  w i l l  be done according t o  the launch 

The loaded slugs w i l l  be stored i n  a safe, cool, and dry bunker remote 
from the refurbishment area and w i l l  be ca r r i ed  t o  t9e launch pad upo;i launch 
crew request. 
safety  protect ion.  

I t  w i l l  be i n s t a l l e d  using special  caut ion and personnel 

I n  the case o f  any redundant system, both components w i l l  be checked f o r  
leaks and opeyation. They w i l l  be operated t o  ensure redundancy f o r  which 
they were intended 

The TVC system w i l l  be checked ou t  by means o f  Hydraul ic Power Supply 
Faci 1 i ty t o  ensure proper gt.Iiba1 l i n g  cont ro l  w i t h i n  spec i f i ed  parameters 
c a l l e d  out  i n  the  TCV spec i f i ca t ions .  

A1 1 instrumentat ion parameters w i  11 be checked f o r  proper func t i on  
i n c l u d i  ng umbi 1 i cal  connectors , thermocouples and pressure measuri ng equip- 
ment. The thermocouples w i l l  have a resistance measurement made t o  determine 
t h e i r  serv ice condi t i on .  The transducers w i  11 be removed and ca l ib ra ted .  

7.2.5 GFE Descr ipt ions 

Pressure Test Stand f o r  System Leak Checks and Pneumatic 
Component Operation 

This  f a c i l i t y  w i l l  cons i s t  o f  a console wi th s u f f i c i e n t  capaci ty f o r  
supply and cont ro l  o f  h igh and low pressure gases t o  any o f  the  system 
and components being checked 

I t w i l l  conta in  gauge; accurate enough t o  perform pressure decay 
checks. Pressures w i  11 be cont ro l  1 ed by precise, sens i t i ve  pressure 
regulators.  

The pressure source w i l l  be a GN2 cascade o r  storage o f  a t  l e a s t  
100,000 SCF t h a t  can be pressurized t o  2400 psig.  
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F l i g h t  transducers w i l l  be used f o r  pressure sensing. Pressure 
measurements w i l l  be ind ica ted  on d i g i t a l  voltmeters a t  the panel dltr ing 
operation. 
i ns  tan t informat ion.  

This ensures personnel sa fe ty  as we l l  as supp1y;ng the operator 

7.2.5.1 Flushing and Purge F a c i l i t y  

This system w i l l  cons is t  o f  an e l e c t r o n i c  cont ro l  console v i t h  the 
requi red cont ro l  channels arld w i t h  readouts o f  pressures, f lows, and tempera- 
tures on d i g i t a l  voltmeters. 

The f a c i l i t y  w i l l  requ i re  a t  l e a s t  f ou r  200 gpm pumps w i t h  150 ps i  
discharge pressure a t  'p t o  15OoF. 

Water absorbent f l u i d  pump 
Dei oni zed water pump 
Cherni ca l  pump f o r  hydrocarbon rernovi ng 1 iqu ids  
U t i  1 i ty  pump and spare 

A source f o r  heat ing GN2 a t  25 SCFM w i l l  be provided f o r  h o t  gas 
purges. This sytem w i l l  '>e a regulated pressure system w i t h  heat regula- 
t ime contro ls .  It w i l l  be suppl ied w i t h  gas from the  s i t e  GN2 cascade. 

Supply tankase f o r  each type o f  so lu t i on  w i l l  be located near b,, the  
f a c i l i t y .  The s izes o f  thesz tanks are t o  be determined. There w i l l  be a 
c a p a b i l i t y  f o r  heat in4 o f  f lush fng  l l q u i d s .  

7.2.5.2 E l  ectro-Mechanical Test  Set 

This s e t  w i l l  cons is t  o f  a regulated power supply a t  28 'JDC 2nd a 
regulated 110 VAC system. There w i l l  be c m t r o l  channels f o r  actuat ion o f  
various engine components. There w i l l  be means f o r  c o n t r o l l i n g  and measure- 
ment of voltages and l i n e a r  p c t  outputs read out  on c i g i t a l  voltmeters. 

7.2 . 5.3 Hydraul i c Power Supply Faci 1 i ty 

This system w i l l  cons is t  o f  pumps: regula,,ms, and r e l i e f  valves t o  
pump and con t ro l  hydraul ics  medium f o r  checkwt, o f  t he  gunbal l inq system 
and e x i t  closures. 

I t  w i l l  be capable o f  pressure con t ro l  from 0 t o  2000 ps ig  w i t h  
adequate monitor ing equipment. The system w ? l l  have a cont ro l  panel t o  
cont ro l  pumps and valves have d i $ W  vol tmeter f o r  v isua l  readouts o f  
pressure 
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8. SUPPOFoTNG DESIGN AHAtYSI3 

This section presents the supporting design analysis sumnaries which 
were geneated t o  support the overa l l  design studies. 
analysis, stress and l i f e  predict ions, water impact loading ef fects ,  SITVC 

predict ions and prel iminary combustion analysis resu l ts .  
g r m  was a design f e a s i b i l i t y  inves t iga t ion  these resu l ts  are no t  complete 
f o r  a f i n a l  design. The analyses were car r ied  far enough to  support the 
design direct ions.  

Included are thermal 

Because t h i s  pro- 

8.1 THEML ANALYSIS APPROACH 

The -vera11 PFE design approach was examined f o r  c r i t i c a l  areas. These 
areas were then analyzed i n  s u f f i c i e n t  de ta i l  t c  assure t h a t  the f i n a l  design 
could meet i t s  goals. 

8.2 THERMAL .ANALYSIS RESULTS 

8.2.1 Thermal -- A W t s i s  o f  Thrust - Chamber Regenerative Tubes 

Thernal c o n t a i  o f  the booster engine and achievement o f  &s i red chamber 
l i f e  requirements and s im? i i c i t y  have necassitated increased emphasis on 

sasic tried-md-proven cool ing concepts. Industry-wide surveys and ana ly t i ca l  
and experimental invest igat ions i n t o  the many basic cool ing techniques reveal 
that the regenerative tubular heat exchanger concept should ovide the most 
re1 fable, reuseable cunf icyrat ion f o r  the pressure-fed 1200K LOX/RP-1 engine. 

The basic apprcdch t o  a high performance regenerative th rus t  chamber 
req;rires the use o f  tube mater ia ls having h*;h stress l i m i t s ,  low surface 
deter iorat ion,  and reasonable thermal conduct iv i ty.  For the LOX/RP-1 engine 

the mater ia ls chosen fw desiyn compai isons were: 

e INCONEL - 718 
0 Nickel - 203 (or A ) .  
6 A I S 1  - 347 

RP-1 coolant was u t i l i z e d  far a l l  configurations. The bulk temperature 
r i s e  o f  the c ian t  was iimii-ed t o  leve ls  below +,ne saturat ion temperature 
i n  order t o  insure l i q i i ' l  RP-7 floia through the heat exchanger and the i n -  
jector .  

A sertes o f  studies were completed f o r  the LOX/RP-I engine nperating 
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a t  steady-state condit ions. Heat exchange design parameters have been 
varie6 t o  optimize the designs f o r  high performance and high cycle l i f e .  
The fo1:owing parametric considerations were u t i l i z e d  i n  the design and 
analysis o f  the tube bundles. 

0 Heat Exchanger Cqnfigurations 
(1 ) S i  ngl e-pass countsr - f l  ow 
(2) Double-pass ( in jec to r -ex i  t - i n jec to r )  

(1) A l l  ava i lab le RP-1 f low 
(2) Pa r t i a l  Flow 

0 Heat Exchanger Tube Bundle Array 
0 Yozzle Area-Ratio f o r  HEX Termination 

(1) A/A* = 5.0 (Ent i re  nozzle regen cooled) 
(2) A/A* = 1.5 (Nozzle from A/A* 1.5 t o  5.0 ablat ive,  

0 Coolant Fl9w 

f i l m ,  o r  rad ia t i on  cooled) 
0 Off-design heat exchanger performance 

(1) Th ro t t l i ng  (down t o  30% t h rus t )  
(2) Mixture r a t i o  excursion (up t o  2.8) 

0 Hot wal l  carbon deposi t ion e f f e c t  
(1) No Garbon 
(2) Carbon deposit ion (up t o  100% o f  predicted maximum) 

The TRW regenerative Cooled Chamber Program was u t i l i z e d  t o  analyze 
a broad range o f  the above heat exchanger parameters t o  y i e l d  the fo l low-  
ing  performance parameters. 

0 Coolant pressure drop 
0 Coolant temperature r i s e  
0 Tube hot  wal l  temperatures 
0 TG5e co ld wal l  temperatures 
0 Cycle l i f e  

The s ign i f i can t  design condit ions and constraints used i n  the studies 

0 Basic Encrine 
are as f o l l r x s :  ?- 

. -  

Thrust = 1200K 
Mixture r a t i c  = 2.4 
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Fuel = RP-1 (1543 1bni;sec) 
Oxidizer = LOX 
Chamber length = 93.4 inches 
Nozzle length = 129.4 inches 
Throat Diameter = 68.2 inches 
Chamber c o n t r a c t i m  r a t i o  = 2.0 
Nozzle expansion r a t i o  = 5.0 
Basic HEX Tubes 
Constant perimeter tubes (en t i re  length) 
Constant wal l  thickness (0.020 inch) 
Tubes are round a t  the HEX maximum A/A* 
Carbon Resistance 

= 2500 EXP (1.285-0.51 O W )  FA 

where, pW = hot  gas mass f?ux 
FA = func t ion  or  *.;.* r a t i o  (RP-1 = 1.0) 

Coolant Tube Ins ide  Wall Temperature 
7OO0F TMC 8OO0F a t  design po in t  condi t ions t o  prevent excessive 
RP-1 coking accumulation and t o  maintain ho t  wal l  temperature f o r  
increased cyc le l i f e  character is t ics .  

The resu l t s  o f  -2 thermal analyses are presented i n  Figure 8.2.1-1 
through 8.2.1-10 and are described as fol lows: 

o Figures 8.2.1-2 and 8.2.1-3 show the e f fec ts  o f  carbon deposition, 
percent coolant flow, tube ins ide  wal l  temperature, and number o f  
coolant tubes on coolant pressure loss and temperature r i se .  The 
tubes can be e i the r  A I S I  347 o r  Inconel 718 i n  a counter-flow 
single-pass conf igurat ion from nozzle .-rea r a t i o  o f  5 t o  the i n -  
jec to r .  
prcssure drop i s  achieved whi le  u t i l i z i n g  a l l  o f  the coolant f low 
avai lable. This conclusion i s  v a l i d  f o r  a l l  l eve l s  o f  wal l  carbon 
bui l l idp inc lud ing a ''no carbon" condi t ion and i.:r each leve l  o f  
31 l twable tube ins ide  wal l  tmpevature. 

0 Figure 8.2.1-4 i s  a carpet p l o t  o f  the above heat exchanger showing 
the performance/life character is t ics  o f  a AISI 347 tubular conf ig-  
urat ior! These resu l ts  show t h a t  8 930 tube conf igurat ion w i th  no 

It i s  read i l y  apparent from Figure 8.2.1-2 a t  minimum 
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w a l l  carbon pro tec t ion  w i l l  y i e l d  a pressure drop o f  69 ps i  and 
maintain the th roa t  tube ins ide  w a l l  a t  7?n0F. The tube w i l l  
have an ind icated cyc le  l i f e  o f  78 missions. 

Figure 8.2.1-5 i s  a t h r o t t l i n g  and mixture r a t i o  excursion study 

summary for  the Figure 8.2.1-4 design p o i n t  conf igurat ion.  The 
r e s u l t s  shown are va l id ,  as noted, f o r  e i t h e r  A I S I  347 o r  Inconel 
718 tubular  mater ia ls  w i t h  100% RP-1 f low through the HEX. The 
cyc le  l i f e  o f  the  HEX increases w i t h  t h r o t t l i n g  bu t  decreases w i t h  
increased mixture r a t i o  (reduced cool ing f low ava i lab le ) .  The tube 
ins ide  wa l l  temperature increases w i t h  both t h r o t t l i n g  and VR i n -  
creases, but, does not exceed 8OO0F a t  30% t h r u s t  @ MR = 2.8. 

a A double-pa$s heat exchanger was analyzed from cC = 2 t o  cN = 5 
f o r  comparison w i t h  the single-pass HEX. The r e s u l t s  show t h a t  
680 A I S I  347 o r  Inconel 718 tubes would be required t o  maintain 
the th roa t  tube ins ide  wa l l  temperature a t  7OO0F w i t h  100% RP-1 

coolant f low. The coolant pressure loss would be 174 ps i .  
l i f e  - ' >  81 f o r  Inconel 718 o r  87 f o r  A I S I  347. See Figure 8.2.1-6 
comparisons 

Cycle 

Since the pressure drop i s  much greater  f o r  t he  2-pass as compared w i t h  
the single-pass ( L e . ¶  174 p s i  versus 69 p s i )  and the  cyc le  l i f e  i s  not s i g n i -  
f i c a n t l y  greater  ( L e . ,  85 cycles versus 75 cycles) the 2-pass HEX d i d  not  
warrant f u r t h e r  considerat ion f o r  the  oressure-fed booster engine system. 
Even A i th  carbon e f fec ts  the single-pass system i s  superior. 

e A single-pass HEX o f  Nickel-200 tubes was analyzed and compared 
w i t h  the AISI-347 and Inconel 718 designs. 
the cyc le  l i fe /p ressure  drop comparisons f o r  the three designs. 
It i s  r e a d i l y  apparent t h a t  the Nickel  HEX has super ior  cyc le  l i f e  
but  s l i g h t l y  greater coolant pressure drop than the other  mater ia l  
conf igurat ions.  

Figure 8.2.1-6 shows 

e Figure L.1-7 shows the approximate weights f o r  the f u l l  chamber 
d m m t i v e  heat exchanger as a f u r c t i o n  o f  the number o f  coolant 

. e. -! and wi thout  trapped coolant i n  the tubes) f o r  Nickel  
c ' S i  J . ' ? .  and Inconel 718 tubular  designs. 
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IINCONEL 718 OR AIS1 347 TUBES 
SINGLE-PASS COUNTER-FLOW HEX 

o CONSTANT PERIMETER TUBES 
e NO. OF TUBES= 930 

TUBE WALL THICKNESS = 0.020 IN. (CONST.) 

1004CTHRUST LEVEL = 1200 K LBF 
NOMINAL MIXTURE RATIO = 2.4 

1200 

1300 

800 

600 

Figure 8.2.1-5. 
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2.8 2 2:8 4 INCONEL 1 718 
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.. 
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Thrott l ing and Mixture Rat io  Effects on Design 
Poi n t  Regeneva t i ve Heat Exchanger Charac tw= 
l s t l c s  
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Figure 8.2.1-6. Regenerative Heat Exchanger Characteristics 
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o 1200 K THRUST CHAMBER oCOOLANT RP-I 
0 P.68 .2"  oCONST PERIMETER 

iU9E ENTIRE LENGTH 
o ROUND AT EXIT 
olUBE WALL - 0.020 IN 

c. 2 

4ooc 

Mo( 

M I G H T ,  LBM 

200 

llm 

NUMBER OF COOLAM TCBES 

Figure 8.2.1-7. Tubular Heat Exchanger Weight 
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0 A p a r t i a l  t h r u s t  chamber regenerat ive HEX was analyzed (E,,, = 1.5 
t o  cC = 2.0) f o r  a l l  three candidate tube mater ia ls .  
shows the r e s u l t i n g  t h r o a t  tube wa l l  temperatures, coolant  pressure 
drop and bulk  temperature r i s e  as a func t i on  o f  the number o f  HEX 

coolant  tubes. Figure 8.2.1-9 shows a cyc le  l i f e / c o o l a n t  aP com- 
par ison o f  the  tubu la r  mater ia ls .  Again, i t  i s  apparent t h a t  the 
Nickel  200 ( o r  A )  has super ior  l i f e  b u t  s l i g h t l y  more coolant 
pressure drop. 

Figure 8.2.1-8 

0 Figure 8.2.1-10 shows the weights f o r  the p a r t i a l  regenerat ive HEX 

as a func t i on  of the  number o f  coolant  tubes. Dry and wet weights 
a re  shown f o r  a l l  three candidate tube mater ia ls .  

8.2.2 TRW Regenerative Cooled Chamber Program 

This  program (REGEN) designs and analyses regenerat ive cooled t h r u s t  
chambers. The program was w r i t t e n  i n  For t ran  I V  f o r  use on the TRW/TSS 
ODC 6500 computer system. The program considers para1 le l - f l ow ,  counter- 
f l ow  and double-pass heat exchangers. Coolant tubes are  assumed t o  be o f  
constant perimeter w i t h  a c i r c u l a r  shape a t  e i t h e r  end. 

The pressure drop and bu lk  temperature r i s e  o f  the coo lan t  are computed 
using an i m p l i c i t  d i f f e rence  numerical i n t e g r a t i o n  technique. Resistance 
t o  the  ho t  gas due t o  carbon deposi t  can be considered. The thermal r e s i s -  
tance f o r  carbon deposi t ion i s :  

1.285 - 0.51pV) 
FA R~~~~~~ = (2500) (e  

where FA = Function dependent upon the  atomic r a t i o  o f  hydrogen t o  carbon 

pV = Gas mass f l u x  

Subroutines are  incorporated i n t o  the  program which compute: one-dimen- 
s ional  Mach numbers, modi f ied B a r t t  ( s h o r t  form) f i l m  c o e f f i c i e n t s ,  and 
recovery temperatures. Roughness and curvature e f f e c t s  (on both heat t r a n s f e r  
and pressure drop) are included, as a re  temperature dependent thermophysical 
proper t ies.  I npu t  t o  the  program cons is ts  o f  geometrical data descr ib ing 
the i r i e r n a l  contour, wa l l  thickness, numbt o f  coolant  tubes, and desired 
coolant s t a t i o n  breakdown. Boundary cond i t l on  inputs  descr ibe combustion 
gas proper t ies,  coolant  ppoperties, and i n l e t  condi t ions.  
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Figure 8.2.1-8 . Regenerative Hcat Exchanger Characteristics 
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Program ohtput includes a l l  s t a t i o n  w a l l  temperatures, cyc le  l i f e ,  coolant  
and combustion gas temperatures, heat t rans fe r  coe f f i c i en ts ,  heat f l u x  
d i s t r i b u t i o n ,  Mach numbers, Reynolds nucibers, tube dimensions, coolant 
ve loc i t i es ,  and pressure drops as a f unc t i on  o f  a x i a l  s ta t i on .  

8.2.2 €ngine Cuto f f  and Keen?y Cooling Requirements - 

PFE engine cool ing requirements were estimated f o r  
center o r  outbodrd engine shutdown t o  prevent exceeding 
q and g leve ls .  Analysis was predicated on the  thermal 
i n  f i gu res  8.2.2-1 amd 8.2.2-2. F;gure 8.2.2.1 depic ts  

missions u t i l i z i n g  
the  design :I!aximum 
environments shown 
the env'i ronmen t 

f o r  the inner  sur.ar.es o f  engines. 

which the external  surface o f  %he center engintS and t m s ?  ps r t i ons  o f  the 
external  s ~ f a c e s  o f  the o u t x  engine which face the cent 
exposed. 

Figure 8.2.2-2 presents the eivironment 

engines w i l l  be 

Required engine ;oo:ant f low ra tes  (RP-1) are przsented i n  Figure 8.2.2-3. 
Alsc shown dre  the t o t a l  coolant  f l ow  requirenents. 
engitis w i l l  r e w i r e  19,254 l b  o f  RP-1 t o  be b led through the  engine f o r  cool- 
i n g  d w i n g  t h i s  ascent phase. This  coolant  weight i s  c o r e r v a t i v e  as the 

e f f e c t s  o f  bleeding the r.ool:'.~g j acke t  RP-1 i n t o  the mgine,  thereby h w e r i n g  
the ef+'&.::ive r -?over.y temperature were no t  considered. 

Shutof f  o f  the center 

Engine reent ry  coo l ing  requirements were a l so  estimated using the thermal 
environment depicted i n  Figures 8.2.2-4. The maxiaum heat i npu t  (Q .39 B T U / f t  - 
sec occurs a t  approximately 330 seconds and w i l l  r equ i re  approximately 1.8 l b /  
sec o f  f ue l .  InteSl At ion o f  the coolant  needs over the e n t i r e  reen t ry  p r o f i l e  
w i l l  requ i re  I x s  than 500 l b s  o f  RP-1. The reent ry  cond i t ion  i s  therefore 
not  as severe as the engine c u t o f f  desiqa case, b u t  some cool ing i s  necessary 
t o  preve,it engine over heating dur ing reent ry .  

2 

Thti necessary bleed e f f e c t  o f  RP-1 dur ing ascent i s  s i zab le  OJ the stage. 
As a constquence, the immediate operatiorial design answer t o  t h i s  prcblem i s  
t o  go t o  a t h r o t t l i n g  engirle. The t h r o t t l i n g  engin? neJer requi res t h i s  dump 
cool iqg f o r  protect ion,  s ince it f ' i r es  continuously. The reent ry  e f f c  t' 
c o d d  be o f f s e t  by se lec t ing  Short f u e l  dumps. 
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8.2.3 Duct Cooling Analysis Approach 

Figure 8.2.3-1 ind icates the regimes o f  i n t e r e s t  i n  the design of a 

duct cooled engine. Near the i n j e c t o r  the heat pickup i s  by sensible, 
convective means. As the f u e l  f lows down the coolant channel i t  enters 

a b o i l i n g  region. From a low b o i l i n g  reg ion i t  moves i n t o  a high q u a l i t y  
zone and u l t ima te l y  e x i t s  ou t  the duct a t  an area r a t i o  near 1.4:l. 
Since the b o i l i n g  zones are s tate-of - the-ar t  computationally, they are not 
included here from a heat t rans fer  p o i n t  o f  view. However, the s t a b i l i t y  

o f  the f low i s  o f  importance. 

Figure 8.2.3-2 presents the s t a b i l i t y  analysis approach t o  t h i s  type 
o f  problem. Figure 8.2.3-3 presents the r e s u l t s  f o r  the 1000 tube duct, 

ind ica t ing  t h a t  a pressure drop o f  >e0 p s i  i s  required t o  s t a b i l i z e  
the f low through the  duct. 

The e x i t  condi t ions and the pro tec t ion  o f  the  nozzle wa l l  are o f  i n -  

terest ,  and the method o f  carry ing ou t  t h i s  p a r t  o f  the design i s  summarized 
bel  ow. 

8.2.3.1 Duct/Nozzle Vapor Protect ion 

This region extends from the duct t o  the nozzle e x i t  as shown. 

i n  the f i - : m  cooled reg ion the temperature ac t ing  as a d r i v i n g  poten- 

t i a l  t o  thc 111 i s  dependent upon the temperature a t  which the coolant 
e x i t s  fro0 ,ne duct, the ho t  gas temperature, and the degree t o  which the 
hot gas mixes w i t h  the cool boundary layer .  The l a t t e r  i s  described by 
the f i l m  coolant effect iveness Q. 

f = T  - q ( T - 1  ) 
rf 9 ci 

T = f i l m  recovery temperature rf 
f = gas temperature 

9 
= duct coolant  e x i t  temperatures 
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Figure 8.2.3-1 Duct Cooling Heat Transfer Regimes 
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(-- 

For duct configuritt ion: (i?ef.: h c l e a r  Science and Engineering, 35, p 200-210 (1969) 
-'I 

I + - t % K  LBKl v 
2 hsw 1 f 

Vf 3 

f 2 L 6 b  K 2 + K1 vf  
( 1  - K - K  1 +---J- 2 

'f LB 

v VI Y) 
2 1  k 

A2 Dh f 

- 1 var ia t ion  i n  non-boiling length K~ - - (1 + a-bni) 

spec i f ic  vol o f  l i q u i d  K2 = % t a-bm 
f low r a t e  
length o f  heated channel 
length o f  bo i l i pg  sect ion 

heat r a t e  input  t o  bo i l i ng  section 
subcooled enthalpy change a = y1 Ma-1 

enthalpy change during bo i l i ng  

hydraulic diameter o f  channel 

Y1 

= (1 - 61/13 Y 1  
8 = Vfg/vf 

f low area o f  channel " f o  = vg - 
b = y M 1  1 b- 

Ma f r i c t i o n  fac to r  B LB/LB 1 - 'm- an [I t B(L;I/L~)] 

Mb = 1 - +  a n ( 1 + 8 )  

Figure 8.2.3-2. Duct Flow S t a b i l i t y  Analysis 
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... Knowledge o f  the f i l m  ef fect iveness, TI, as a func t ion  o f  a x i a l  d i s -  
tance f r o m  the i n j e c t i o n  p o i n t  i s  necessary t o  es tab l i sh  the l o c a l  d r i v i r y  
temperature a t  the wa l l  e 

Several boundary l aye r  mixing models are ava i l ab le  which considers the 
m i x  ng o f  the combustion gases w i t h  the coolant along the w a l l .  
been found a t  TRW t h a t  the  most e f f e c t i v e  -5 the approach o f  Carlson and 
Talnor (Reference 

I t  has 

Carl son and Talmor assume t h a t  the boundary l a y e r  growth downstream 
o f  the i n j e c t i o n  i s  unaffected by the coolant and w r i t e  the boundary l aye r  
f low equation: 

M = a u  p L ( & - a * )  9 e e  

where M = ho t  gas f l o w  r a t e  i n  boundary l a y e r  
9 

a = mixing c o e f f i c i e n t  

= v e l o c i t y  and dens i t y  a t  edge o f  boundary l a y e r  u e'p e 
6 = bounddry l a y e r  th ickness 
6" = momentum thickness 

3 

L = a x i a l  l eng th  

6 and 6* are ca lcu lated assuming a one-seventh power v e l o c i t y  p r o f i l e  
by so lv ing the i n teg ra l  momentum equation f o r  an accelerat ing,  compressible, 
tu rbu len t  boundary l a y e r  on an i n f i n i t e  w a l l .  Th is  y ie lds :  

R ,x = 
9 

e 

b P , T  = 
Suff ixes:  e 

0 

r 

Reynolds number i s  core based upon a x i a l  d istance from coolant 
o u t l e t  
Viscosi ty,  density, absolute temperature 
= edge o f  boundary l aye r  
= stagnat ion condi t ions 
= reference temperature 

s 

. c 

. 
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A heat balance r e l a t i n g  the boundary l aye r  f l ow  and core gas f l ow  
was s i m i l a r  t o  t h a t  adopted by L i b r i r z i  and Cresci (Reference 
y ie lds :  

) and 

and i s  there fore  the f i l m  ine f fec t i veness  t o  ef fect iveness r a t i o  denoted 
by Y. 

Combining the  boundary l a y e r  momentum thickness equation w i t h  the 
heat balance equation, s imp l i f y ing  the i n t e g r a l  by tak ing  pr Ur z poUo, 

and expressing l o c a l  v e l o c i t i e s  i n  ternis o f  l o c a l  Mach numbers and l o c a l  
densi ty  and v i s c o s i t y  i n  terms of  l o c a l  pressure r a t i o s  we a r r i v e  a t  the 
f i n a l  form. 

c 

Q 

3 
Y = .329aX1 

where 

where P = pressure 
= temperature exponent o f  v i s c o s i t y  (nominal ly 0.6) 

M = l o c a l  Mach number 

X represents the c o r r e l a t i o n  f o r  f l a t  p l a t e  incompressible f l ow  w i t h  
no accelerat ions:  0.8 

R- 
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= Reynolds number o f  coolant a t  channel e x i t .  Re where 

The assumption o f  boundaq layer  growth being unaffected by coolant 
i n jec t i on  has been examined by Chapman (Reference 
va l i d  when coolant f low i s  less than 50% o f  the core flow. A l l  cases under 
examivation are w e l l  w i t h i n  t h i s  c r i t e r i o n  and t h i s  suggests tha t  the above 
approach i s  acceptable. 

) and found t o  be 

A pressure gradient correct ion extending f l a t  p la te  incompvssible 
corre la t ions t o  accelerat ing f low, was a l s  yoposed by S to l l e ry  And 
El-Ehrnany (Reference ) b The co r re la t i on  substi tutues: 

4 7-1 ,,,2 

[ l + :  3 I:[ l+Mvil,‘ll dx 

f o r  x i n  the X grouping. 

Experimental resu l t s  obtained a t  TRW between 1968 and 1971 showed t h a t  
the experimental resu l ts  were bcst  described by a combination o f  these two 
correlat ions,  This y ie lds  as the cor re la t ing  parameter f o r  compressible 
accelerat ing flow: 

In addit ion, the mixing coef f i c ien t ,  based upon experiments a t  TRW was 
shown t o  be the form: 

X 

e x i t  

I t  i s  noted here t h a t  t h i s  s imp l i f i ed  form o f  the boundary mixing coef- 
f i c i e n t  has the e f fec t  o f  density ( o r  pressure l eve l )  on i t  as wel l  as 
ve loc i t y  gradient ( i m p l i c i t  i n  the aP/aXgradient). This i s  s u f f i c i e n t  t o  

\ 
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L.. 

t 

t 

obta in  the gross d e t a i l  o f  the f i l m  mixing coef f i c ien ts .  
i t  takes a most complex phenomena and reduces i t  t o  an e a s i l y  manayed 
engineering so lu t ioa .  
f i l m  coolants w i t h  molecular weight of 2 t o  32 'it has beer1 found t h a t  
the subsonic, transonic, and supersonic mixing f o r  t h rus te rs  a t  300 ps ia  
(2086 kN/m ) i s  adequately described f o r  engineering purposes w i t h  the 
empir ical  constants as: 

Furthermore, 

I n  a l a r g e  number o f  TRW experimerts encompassing 

2 

A 2 0.59, B 0.34 

The v i s c o s i t y  of the gas a t  the edge o f  the boundary l a y e r  i s  found by 
the expression given by Bar tz  (Reference 

1/2 0.6 - 1  0 
= ( 4 6 . 6 ~ 1 0  ) (MW) (T)  Lb/In-Sec "e 

, MW = molecular weight 

The Equation now becomes: 

This expression i s  used t o  evaluate the  d r i v i n g  temperature i n  the  
f i l m .  The heat t rans fe r  c o e f f i c i e n t  between the f i l m  and the wa l l  i s  
g iven by the  Bar tz  re la t i onsh ip .  

A heat balance on the  wa l l  steady s t a t e  condi t ions y ie lds :  

" 

4 4  4 0  h (Tr -T, ) = U E - F .  (Tw -To ) + F (Tw -To ) 
O 0  0 i 1 1  g f  f i  

subscr ipts i and o correspond t o ' i n s i d e  and outs ide o f  nozzle wa l l  respec t ive ly .  

7 = wa l l  temperature 

0 = Stefan/Bottzman constant 
W 

8 = emiss i v i t y  
F = shape factor 

= ambient environment temperature 
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From past  experience a t  TRW i t  has been found t h a t  the  most des i rab le  
and e f fec t i ve  design f o r  a coolant duct  is one using a f a i r l y  l a r g e  number 
o f  channels. This gives a h igh degree o f  coo l ing  and a lso  decouples the 
duct behavior from any i n j e c t w  f l ow  ma:distr ibut ions.  However, i t  w i l l  
ais,, r a i s e  duct pressure dvop and so requi res opt imizat ion.  The choice 
o f  number oc channels and pre l im inary  dimclns!'on estimates are presented 
below i n  t 2 design ra t i ona le .  

The key design parameters are as fo l lows.  

1) For any given duct  mater ia l  there  i s  a l i m i t i n g  maximum 
temperature above which the mater ia l  s t rength  drops t o  
too small o f  a value. 

2) The e x i t  v e l o c i t y  from the duct  should equal the  f u l l  
stream v e l o c i t y .  
tween the two  v e l o c i t i e s  excessive turbulence w i l l  be 
induced i n  the f i l m  which r e s u l t s  i n  increased mixing 
betweeri the f i l m  and the core gas f l ow  and, hence, higher 
downstream temperatures 

If there  i s  too g rea t  a d i s p a r i t y  oe- 

00 
v = v  e 

hence 

Q) 
= v  W .q 

b 

where W = coolant  f l o w  
(hw)e = (he ight  x width)  o f  each channel o f  duct  e x i t  
p = coolant  densi ty  a t  e x i t  
n = number o f  channels . 

3)  Since the duct e x i t  pressure must eqLal the  f r e e  stream 
pressure and there i s  a l i m i t  on the maximum duct  i n l e t  
pressure t h i s  w i l l  .put a AP l i m i t a t i o n  on the  duct. 

t 
k 

1 

> ." 

4) The land w id th  between channels and the  ho t  gas w a l l  t h i c k -  
ness a t  the duct  e x i t  should be as small as manufasturing 
tolerances w i l l  a l low s ince these "lands" will  c a s e  a "wake" 
t o  be formed i n  the  f i l m ,  I t  has been found t h a t  wi th wide 
e x i t  lands the  wake can be s u f f i c i e n t  t o  cause burnorit o f  
the thrust chamber ;gal 1 s . 
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From l i m i t i n g  design paruri&ers 2) and 4), 

t h a t  the e x i t  land width were zero, then: 

where Re = chamber radius a t  e x i t  . 

i f  i t  i s  i n i t i a l l y  assumed 

An estimate i s  then made o f  the IieaL loacl bo lIle duct wall  and t h i s  
w i l l  equal the heat absorbed by the coolant, and the coolant thermal pro- 
pert ies a t  the duct e x i t  are then determined. 

Performing a heat balance a t  the duct e x i t  region: 

where hc = coolant side coef f ic ient  (McCarthy & Wolf) 
A = cooled area 

TW i 
Tb = coolant e x i t  temperature 

h 
A = heated area 

T 

C 
= {nside wall  tmperature 

= gas side coef f i c ien t  (Bartz) 
9 

9 

r = recovery temperature 
= outside wall  temperature 

TW 0 

Thus the required value o f  hcAc t o  maintain a desired duct wall  temper- 
ature a t  the e x i t  i s  known. 

For high conductivity w a l l  materials 

A = n (2h + We) (Fin Effect)  e 'e 

For low conductivity ma F?* 

I 

i 

A = rtde (no f i n  e f fec t )  
'e 
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S i  nce he i s  a1 ready previous 1.y d e t e m i  ned : 

or 
A = 2nRe 

'e 

Since hc = (hewe) only 

Tube 

then hc = (n) only 

Thus hcAc= (n) only for a channel design 

design configurations optimize i n  v i r t u a l l y  the same manner, 

. 
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8.2.4 Engine Mounted Heat Exchanger L imi ta t ions 
f o r  Tank Pressurization 

Analyses have been performed t o  evaluate the use o f  engine mounted 
heat exchangers t o  provide the energy source t o  ra i se  the spec i f i c  volume 
o f  the tank pressurant. Heat addi t ion t o  the pressurant, stored a t  l ow  
temperature, low spec i f i c  volume, would be provided by th rus t  chamber noz- 
z le  o r  combustion chamber surfaces o r  by combustion chamber tap-off gas. 
The conclusions are: 

a) Any appreciable carbon e f f e c t  on the combustion gas side 
surfaces resu l t s  i n  i n s u f f i c i e n t  nozzle o r  combustion cham- - 
ber surface area t o  meet the heat inpu t  requirements. Test 
resu l t s  ind icate tha t  such carbon e f fec ts  occur a f t e r  on ly  
a few seconds of engine operation. 

b )  Thermal time response f o r  a nozzle mounted heat exchanger 
can be as long as 50 seconds. 

c)  If the engine were required t o  provide the heat inpu t  t o  
the pressurant, a combustion gas tap-of f  pressurant heat 
enchanger i s  recomnended. Speci f ic  impulse loss would be 
approximately 1 . 1 percent . 

d) A pressur izat ion system interdependence would r e s u l t  i n  
sizecble R and D. 

8.2.5 F i l m  Cooled P i n t l e  T ip  

Three methods o f  cool ing the p i n t l e  t i p  are considered t o  be prac t ica l :  
ablat ive,  regenerative o r  f i l m  cooled. The p i n t l e  t i p  on the 50K th rus t  
chamber and on the 250K th rus t  chamber i s  ab la t i ve l y  cooled. Heat f l u x  
leve ls  are indicated experimentally t o  be r e l a t i v e l y  low compared t o  
chamber heat f l u x  and l i f e  o f  the ab la t i ve  t i p  has been inde f in i t e .  How- 
ever, an al l-metal concept i s  considered t o  be more su i tab le  f c r  a regen- 
e ra t i ve l y  cooled th rus t  chamber t o  minimize refurbishment requirements. 
Providing a 24 inch diameter t h i n  metal face attached t o  the p i n t l e  f o r  
regenerative cool ing using the LOX en ta i l s  considerable fabr tca t ion  com- 
p lex i ty .  A simpler mechanical concept i s  t o  f i l m  cool the p i n t l e  t i p  
using a small f r ac t i on  o f  the LOX f l o w .  The f i l m  coolant parameters a r e  

L 
f 

. 
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i l l u s t r a t e d  i n  Figure 8.2.5-1. Approximately 20 :b/sec, o r  one h a l f  per- 
cent o f  the LOX f l o w  i s  requi red f o r  coo l ing  the p i n t l e  t i p .  The f i l m  
cool ing f low impinges against  the 2.5 inch  diameter d i s k  which turns the 
flow towards the t i p  surface and spreads the f low r a d i a l l y  outwards. A f t e r  
cool ing the p i n t l e ,  the coolant  f low enters the mixing/combusticn Drocess 
i n  a manner which should impose no performance loss. 

8.2.6 - Film-Cooled Nozzle Extension 

The 1200K LOX/RP-1 nozzle from eN = 1.5 t o  5.0 was evaluated f o r  pos- 
s i b l e  mass t rans fe r  coo l ing  w i t h  RP-1. Mass t r a n s f e r  coo l ing  i s  a technique 
o f  p ro tec t ing  the wa l l  from the high temperature combustion gases by use o f  
l i q u i d ,  2-phase, and gas f i l m  coo l ing  regions. This technique i s  an e f fec-  
t i v e  means o f  thermal ly  p ro tec t i ng  a wal l ,  provided the f i l m  adheres t o  the  
wa l l .  The l i q u i d  absorbs heat i n  the  subcooled l i q u i d  s t a t e  and then acts 
as an iscthermal heat s ink  as i t  evaporates and the vapors d i f f u s e  i n t o  the 
main gas stream. The gaseous RP-1 continues t o  absorb heat with subsequent 
increases i n  f i l m  temperature as i t s  heat capaci ty  i s  u t i l i z e d .  
wa l l  p ro tec t i on  w i t h  minimum coolant f low, the  o b j e c t i v e  i s  t o  keep the 
coolant f l u i d  from mixing w i t h  the main gas stream over the area t o  be pro- 
tected. This i s  an emperical a r t  w i t h  some princ!',Aes establ ished. 

For maximum 

The two phase f lpw ( l i q u i d  annulus w i t h  gas core) r e s u l t s  i n  coo lan t  
losses becausz o f  h igh shear forces between the h igh v e l o c i t y  gases, and 
the  low v e l o c i t y  l i q u i d .  
heat o f  vapor izat ion o f  the l i q u i d .  
f i c a n t  e f f e c t  upon the  s t a b i l i t y  o f  the f i l m .  The gas / l i qu id  i n t e r f a c e  
disturbances occur a t  an increasing r a t e  w i t h  increasing f i l m  thickness. 
These distu:PLtances appear as waves and have the  fo l l ow ing  det r imenta l  
e f f e c t s  : (Reference 

These ',asses prevent complete u t i : i t a t i o n  o f  the 
The thickness o f  the  f i l m  has a s i g n i -  

0 They grow and break away a t  the c r e s t  thereby shedding 
coolartt  i n t o  the h o t  gas stream. 

0 The pressure drop o f  the  gas stream i s  increased by 
these waves thus increasing the heat t rans fe r  ra te .  

a They increase the surface area o f  the gas / l i qu id  i n t e r -  
face and s ince the  mass t rans fe r  i s  propor t ional  t o  t h i s  
area the evaporation r a t e  i s  increased. 

i 
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This f i l m  s t a b i l i t y  problem i s  less severe w i th  la rge  engines as  com- 

pared t o  smaller ones. The surface area per u n i t  propel lant  f low ra te  i s  
less and nonuniformities are less l i k e l y  t o  occur because c f  the la rger  
th rus t  chambers. 

5everal semi-theoretica? studies have been conducted. Mumper (Reference 

revised these studies and recomnends the approach used f o r  the shu t t l e  
booster engine. This approach assumes the fol lowing: 

0 I n  2-phase f l o w  the temperature o f  the l i q u i d  i s  uniform and a t  - I t s  
bo i l i ng  po in t  f o r  the e x i t  gas pressure 

0 Both viscous and eddy forces e x i s t  i n  the sublayer region 
0 Radiant heat t r w s f e r  from the ho t  gas t o  the f i l m  i s  neg l i g ib le  

0 No chemical react ion occurs between the f i l m  and gas stream 
0 The gas stream pressure, temperature and ve loc i t y  gradients occur 

i n  the ax ia l  d i rec t i on  only. 
0 Evapovation from the l i q u i d  and 2-phase layer  occurs uniformly 

Based on these assunptions a s imp l i f i ed  energy balance a t  the gas/ 
f i l m  in te r face  resul ts  i n  the fo l low ing  re la t ionships:  

0 

0 

0 

where 

L iqu id F i l m  Region 

Tuo-Phase F i l m  Reaion 

h 2P (T 
= g (g l -  Tsat) 

"PP e f f  A 

Gas F i l m  Region 

2 

BTU/sec-inh-OF. (L  = l i q u i d  area, 2P = 2-Phase area, g = gas 
area) 

t i s  the gas stream recovery temperature, OF 

i s  the bo i l i ng  temperature o f  l i q u i d  f i l m  coolant, O F  Tsat 

2. i s  the f i l m  cool ing e f f i c i ency  fac to r  

W i s  the coolant f low ra te  per u n i t  o f  coolant area, lb /sec- in  
hg i s  the s d ' d  wal l  heat t rans fer  coe f f i c i en t  (Bartz value), 

9 
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C i s  the average specific heat a t  constant pressgre o f  
the l i q u i d  coolatit i n  the l i q u i d  phase BTUjlb- F 

i s  the i n i t i a l  temperature o f  l i q u i d  coolant ,  O F  

A i s  the heat of vapor iza t ion  of the coolant ,  BTU/lb 
i s  the average film temperature over the gas cooled 

i s  the average specific heat a t  cgnstant pressure of  

i s  the gaseous film temperature a t  the exit of the 

T co 

TgF region of the nozzle, O F  

c9F the gaseous filn, coolant, BTU/lb- F 
T 

Qe nozzle, F 

The aLcw relationships were used for  the film cooling calculations. 
nozzle was d iv ided  in to  three sections; ( 1 )  l i q u i d  fi lm section, (2 )  2- 
phase film section and (3) gaseous film section o u t  t o  the exit .  The follow- 
i n g  properties and conditions were used for each section. 

The 

Sec t i  on 
1 2 3 

5000 
360 
0.7 
70 

5000 
360 
0.65 

Tsat 

5000 
360 
0.6 

Tsat 

The RP-1 coolant flow rate per u n i t  of coolant area, W ,  as a funct ion 
of cooling efficiency, eff ,  was calculated for each of these three sectiocs. 
The actual amount of RP-1 required t o  cool an area o f  the wall can be ex- 
pressed as a function o f  efficiency and axial  distance (or area r a t i g )  along 
the nozzle. Using the phys-ical dimensions of the booster nozzle and assurn- 
ing  the cooling efficiency i s  the same for each of the three sections, the 
f i lm cool i ng requi red t o  produce desi red level s of nozzl e wall temperatures 
are readily calculated. The results of this cooling study are shown i n  
Figure 8.2.6-1. 
nct realist ic until experimentally proven; therefore,for the present 
analysis an upper efficiency of 60% would yield the following nozzle thermal 
design chwacteristics. 

I t  i s  f e l t  t h a t  cooling efficiencies greater than  60%are 

J 
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1 

RP-1 F i l m  I L iqu id  from E= 1.5 
Cooling Flow to 'SAT 

6 . ( %  o f  t o t a l  (A/A*) 
ava i lab le )  

1 G  1.77 
20 2.08 
30 2.33 

I 
I 
I 

2-Phase From Nozzle E x i t  Wall 
SAT to &VAF Ten; pe r a t u  r e  I 

! 

€ 

I 

i 
(A/A*) ( O F )  

2.00 1240 
2.52 680 I 

2.95 440 

I 

I 

I 

It i s  obvious that  RP-1 cool ing f lows o f  20 - 30% are requi red t o  main- 
t a i n  the nozzle e x i t  w a l l  a t  reasonably low temperatures such t h a t  thermal 
r a d i a t i o n  from the h o t  nozzle will n o t  degrade o ther  engines o r  components 
t h a t  are i n  c lose prox imi ty .  t 

1 

i 
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8 .3  STRESS AND LIFE PREDICTION RESULTS 

Structurai feasibility for the Space Shuttle Booster Pressure 
Fed Engine has been investigated for the purpose of determining the cyclic 
l i fe  characteristics. The approach of the stress analysis was based on 
the fundamental theories of beams on elastic foundation, theory o f  elas- 
t i c i t y  and theory of plates and shells set for th  by Hetenyi and Timoshenko. 
Manson's Universal Slopes Equation was used t o  evaluate the structural 
fatigue l i f e .  

Structural Requirements Document are: 
The safety factor requirements established by MSFC-505, 

Primary stress , Pressure Vessels 
Proof pressure = 1.2 x limit pressure 
Ultimate pressure = 1.5 x limit pressure 

Yield factor of safety = 1.10 
Ultimate factor of safety = 1.40 

Ultimate pressure x 4.0 limit pressure 

50 cycle fatigue stress 

Primary stress , General 

Primary stress, Manifold 

Primary stress + discontinuity stress + thermal stress 
- 

Shown i n  Figure 8.3.1 is a summary of stress factors of safety for the 
PFE as compared t o  the above. T h i s  summary clearly shows po:itive 
stress margins for 50 complete Mission Duty Cycles. Life margins for 
low cycle fatigue are substantially greater t h a n  the stress ., -gins. 
Analysis has shown t h a t  the most critical low cycle fatigue area, the 
regen tubes a t  the throat ,  has a.  l i fe  expectancy o f  100 full  thermal 
stress cycles. 

8-40 





The following figures and tables present the results of the l i f e  stress 
analysis. Figure 8.3.2 and Table 8.3.1 present a summary of stresses 
and factors of safety a t  the various potentially c r i t i c a l  areas of the 
engine. The methodology and equations used i n  determining actual stresses 
and combined creap and fatigue damage effects are presented i n  Figures 
8.3.3 through 8.3.7. Allowable stresses for Inconel 718 as a fuiictian 
o f  fatigue l i f e  and temperature are presented i n  Figures 8.3.8 and 8.3.9. 
The stress magnitude for the various potentially cri t ical  areas are shown 
as a function of operating parameters i n  Figures 8.3.10 through 8.3.16. 

REGENERATIVE COOLED 

DUCT COOLED 

1 2 3  4 8 9  10 1 1  12 13 

Figure 8.3.2. Critical Stress Analysis Points Examined i n  Design 

B 
? 

i 
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Table 8.3-1. Stress Summar-y PFE Design 

I: 
SECT I ON nESCRIPTION MATERIAL THICKNESS ALLOWABLE STRESS 

P S I .  
PAXIWV TIPE 

CALCULATED 
P S I .  

SAFETY CPC1bR 

F~~ = i8o.noo 

F~~ = ien,noo 
F = i5o.000 

F~~ = i8n,noo 

F = 150,000 
t Y  

t Y  

Fty = 150,000 

Ftu = 180,(~0n 
Fty = 150.'!09 

Ftu = 180,000 
r = i50,onn 

t Y  

1 m ,no0 Bendi no 1.8 Ult imate 
1.5 Yie ld  1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Gimbal Rino 

Support Rina 

Support S k i r t  

Support S k i r t  
Trsns i t ion 

Oxidizer I n l e t  
Bel 1 ows 

Fuel I n l e t  
Re1 lnwc 

In jec to r  

In jec to r  T ip  

Thrust Chmber 
Head 

Thrust Chamber 
F 1 anqe 

Thrust Chamber 

Duct 

Throat 

Nozzle E x i t  

Regen Tubes 

Nozzle Bartds 

Inconel 718 12" Oia x 7/16 

Inconel 718 9.5 x 61 

Torus 

3.4 Web x 1!2 Rib 
75,000 Bendi nq 2 . t  U l t i s a t p  

2.0 Y ie ld  

Inconel 718 0.5 129,000 Primary 
Bendi na 

1.40 "1 t i r a t e  
1.16 Yield 

Inconel 718 0.5 Al.450 Primary + 
Bendi na 

2.22 Ult imate 
1.A5 Yield 

Incsnel 718 3 0.015 th ick  
p i l e s  

77,500 Primary 2.32 U l t i m t e  
1.93 Yie ld  

F (50 engine cycle) Bendina 

76,509 Primary 

9.70 Fatique 

2.:€ Ultirnate 

22.7 Faticue 

1.70 U1 t ipa te  
1.41 Yie ld  

1 . W  y i e l d  
Ftu = 180,OOi: 
F~~ = i50,nno 

F (50 enqine cyc le)  

Ftu = 209.000 
F~~ = i74,nno 

Ftu = 18n,On0 
FtY = 150,000 

F~~ = ian,noo 
F = i5n.000 

~~u = i50,noo 

t Y  
F = 180,OOn 

F (50 t Y  cycle) = 365,300 

Inconel 718 3 0.015 th ick  
n i  l e s  

Bendino 

123,nOP Wax. Primary I rzonel  718 Various 

Inconel 718 111.0nrl Pax. eeadino 1.62 Ult imate 
1.35 Yie ld  

Inconel 718 .149 02.890 Primary 1 .!M U1 timate 
1.62 Yie ld  

Inconel 718 1.5 t x 3.5 
CH. .40 t o  .132 

46,030 P r i  nary 

355, In0  Pr i ra ry  + 

92 ,a Pribary + 
Bendi no 

Thermal 

1.03 Fatiaue 

1 .GO U1 tiillate 
1.51 Yie ld  

1.60 Fatique 
2.30 Fatinue 
4.7 Buckling 

2.0 Bucklino 

Inconel 71E -132 Ftu = 167.03C 
Fty = 140,000 

Inconel 718 .290 Oia x .015 t 
r!lckel Zn0 Same 
Inconel 718 .161 

Inconel 7.3 .125 w i t h  s t i f f  
r i n g  

Inconel 718 .020 
Nickel 200 Sam 
Inconel 718 .062 

F (50 cycle) = 340,nnn 
F (50 cycle) = 430,000 

Combined 

212,500 Max. Thermal 
187.000 Pax.* Thermal 
Combined Water Entry 

Dynamic 
C m b  i ned E las t ic  

S t a b i l i t y  
Ftu - 126.040 
F~~ = io5,r)no 

F (50 cycle) = 3r)r),00n 
F (50 cycle) = 380.n09 

F~~ = iBr),nm 
Ftu = 150.000 

202,000 Max. Thrnnal 
177,nnr) Pax.* T h e m 1  
in9,oon Tension + 

Rendino 

1.48 Fatiaue 
2.15 Fatique 
1.65 ill timate 
1.37 Yie ld  , 

i * Based on a conservative assumption o f  havino the save maximum temperature and temperature qradient as i n  347 S . S .  
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280, OOO 

i 

.015 

30 
TEMPERATURE GRADIENT ACROSS TUBE GAS SIDE TO CHAM6ER SIDE, AT, O F  

0 100 200 300 400 500 600 700 800 300 1000 

TEMPERATURE GRADIENT ACROSS TU6E WALL, 81, O F  

Figure 8.3-10. General Tube Stress Duct Cooled Thrust Chamber 
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8.4 WATER IMPACT LOAD ANALYSIS 

- I  
I 

..$ 

- .  
- -  

Recovery o f  the space s h u t t l e  boosters through parachute descent and 
water impact w i l l  sub ject  the booster s t ruc tu re  t o  severe loading condi t ions 
The hydrodynamic impact pressures and hydros ta t i c  water pressures due t o  sub- 
mergence a c t  t o  crush the  s h e l l  s t ruc tu re .  

The Apol lo Program generated a body o f  data and experience t h a t  has 
d i r e c t  app l i ca t i on  t o  the  problems associated w i t h  recoverable booster 
vehicles. Through t r i a l  and e r ro r ,  w i t h  sometimes catast rophic  r-esul t s  , 
there emerged some s i g r i i f i c a n t  conclusions concerning the design and analysis 
o f  f l e x i b l e  bodies f o r  water impact condi t ions;  namely, ? )  the loads are r e a i  
and o f  s i g n i f i c a n t  magnitude t o  be considered i n  the design process, i n d  2 )  

re l i ance  on r i g i d  body theory alone t o  p r e d i c t  f l e x i b l e  body hydrodynamic 
loads can lead t o  ser ious unconservative er ro rs .  

Accurate determ;nation o f  t he  water impact loads pecu l i a r  t o  the  s h u t t l e  
boosters requ i re  impact t e s t s  on a representat ive f l e x i b l e  body model. 
ever, a t  t h i s  stage i n  the  f e a s i b i l i t y  evaluat ion o f  water impact recoverahle 
boosters, re l i ance  i s  placed on r i g i d  body theory and r i g i d  body impact t e s t s  
t o  provide an "order a f  magnitude" est imate o f  the  r e s u l t i n g  forces. 

How- 

The fo l l ow ing  sect ions present a theo re t i ca l  analys is  o f  t he  hydrody- 
namic loads f o r  the engine nozzle s t r u c t u r e  f o l  lowed by an eva lua t ion  o f  
some r i g i d  body t e s t  c'ata generated by NASA/MSC f o r  a generic space s h u t t l e  
booster conf igurat ion.  
o f  a p re l im inary  design assessment. 

The consequence o f  t he  loads i s  shown i n  the  form 

. ... 

8.4.1 Theoret ical  Considerations 

8.4.1.1 Impact Ve loc i ty  f o r  Engine S t r x t u r e  

The booster descends on parachutes i n  a nose down p o s i t i o n  w i t h  a ver- 
t i c a l  v e l o c i t y  o f  150 fps.  The engine s t ruc tu re  does n o t  see the i n i t i a l  
water impact but, instead, i s  subjected t o  subsequent pressures due t o  the 
booster t i p p i n g  over the  s lapping down on i t s  s ide  as the  booster penetrates 
the water. The r e l a t i v e  v e l o c i t y  o f  impact f o r  the  engine s t ruc tu re  w i l l  
depend on the angular ve l  o c i  ty e s t a b l i  shed d u r i  ng the sp l  ashdown sequence. 
(Figure 8.4.1-1). 

I- 

, 

A conservative assumption ' 3  t h a t  the booster s t r u c t u r e  can be t rea ted  
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Figure 8.4.1-1. Velocity a t  Nozzle Due t o  Gravity and 
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as a compoum. , ' ~ 1 ~ 7  ro ta t i ng  abou some poin", w i th  scme i n i t i a l  angular 
ve loc i ty  due t o  crie !lor!zontal ve loc i ty  a t  impact. From considerations of 
angular and l i nea r  momentum i t  can be shown tha t  the tangential ve loc i ty  a t  

the nozzle s t c t i on  %her the booster ( o r  pendulum) has rotated from a ve r t i ca l  
t o  a horizclntal pos i t ion  i s  given by: 

tangential ve loc i t y  a t  the nozzle when the booster has 
r o L t e d  t o  a hor izcnta l  pos i t i on  

p L  1 2 + mk 2 

t o t a l  booster weight 
t o t a l  booster ?ass 

t o t a l  b o w  * length 
distance btLween CG and p i v o t  po in t  
distance between p i v a t  po in t  and nczzle 
hor izontal  impact ve loc i t y  

The p i vo t  po in t  i s  assumed to be a t  the water surface. T F  ideal ized 
mode'i i s  probably conservative i n  t ha t  i t  doesn't account f o r  any resistance 
t o  ro ta t i on  from the Hater, and surely the submerged po r t i on  o f  the booster 
must work against t ! e  water during i t s  ro ta t i ona l  motion. However, the 
idea l i za t ion  does provide a conservative e s t i m t e  o f  the vozz!e water impact 
ve loc i t ies.  

Figure 5.4.1-1 i l l u s t r a t e s  the ideal ized model and resu l t i ng  ve loc i t i es  
f o r  a booster 120 f t  long weighing 300,000 l b .  As can be seen, the impact 
ve loc i t ies  can be qu i te  large, dependicg on the length between the CG and 
the p i &  po in t  and t:.e i n i t i a l  hor izontal  ve loc i ty .  

Using 25 f p s  as an average horitontz: ve loc i t y  arid between 10 - 20 
ft, the expectec! w z z l e  impact ve loc i t y  hac been 50 - 75 fps.  

sure5 c.3.1-2 P iy id  Bod:, - Hydrciyqamic p p b ~  -- 
Von Kannan (Re'erence I app?ied the l a w  o f  conservation u f  momentum 

4 
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t o  the problem o f  a seaplane landing on water. H i s  rnethodolcqy i s  appl ic -  
able t o  the problem a t  hand; however, the resu l t s  are only v a l i d  f o r  r i g i d  
bodies. Water impact o f  f l e x i b l e  bodies introduces a complicating fac to r  
ca l led  "hydroelastic in teract ion" ,  whereby the resul  t i t i g  pressures and 
forces are af fected by thc s t i f f ness  o f  the impacting mass. 
w i l l  consider the r i g i d  body approach. 

I n i t i a l l y ,  we 

When a body (M) impacts on water, i t s  decelerat ion i s  caused by an 
accelerat ion o f  a v i r t u a l  mass o f  water (m) bzneath the body (M) (see 
Figure 8.4.1-2). 
form o f  a ha l f -cy l inder  and var ies i n  mass according t o  the depth o f  pene- 
t r a  ti on. 

For a cy l inder ,  the s i z e  o f  the v i r t u a l  mass i s  i n  the 

Therefore, 

(M + m)V = M (VN + g t )  

and rearranging 

M g - V =  dm 

= decelerat ion 
dw 
d t  M + m  
- =  

e 
3 

Now 

5 
f 1 2 m = p n X  

X* = 2 RY (from geometry Q small y values) 

_. 
Y 8-6 1 
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t 

f 

c Thus, from Equations (6) and (7) 

in = psRy 

3 

f 
5 

Substitutinc Eouations (8) and (9) i n t o  (5) gives 

A t  early times V a WN; thus 

To calculate the resul tant  average water impact pressures (3 due to  the 
deceleration, 

dv 
., dt 
p = =  

(Area) = 2X 

Therefore, subst i tut ing Equations 

- M P " -  2x 

(11) and (13) i n t o  (12), and rearranging 

This f inding resul ts  i n  i n f i n i t e  pressures a t  X = 0. 
the i n f i n i t e  pressure i s  l im i ted  by the compressibil i ty o f  the water such 
that a t  X = 0 

I n  rea l i t y ,  however, c 
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3 - 
p = $+;C = 3264 ps i  0 VN = 50 fps 

2 .  . .  

" 

! 

where 
C = speed of sound i n  water (4700 fps) 

Figure 8.4.1-3 indicates the magnitude of the r i g i d  body water impact 

pressures for the nozzle structure and booster structure near the t a i l  o f  
the vehicle, where Dbooster = 33 f t  and Onozzle = 16 f t .  

The deceleration forces (or g's) can be calculated as follows: 

Therefore 

or 
i 
i 
, 

- Force = M dv = (Area) p ( 2 X )  

2 ( i n  f t /sec ) dV j ( 2 x )  - =  
d t  M 

j j ( 2 X l  ( i n  g ' s )  Mg r l "  

F"3ure 8.4.1-4 illustrates the resultant r i g i d  body impact g ' s  fo r  the 
nozzle and booster structure for  VN = 50 fps. 

8-4-1.3 Flexible Body Effects 

Figures 8.4-1-3 and 8.4-1-4 are typical for r i g i d  body impacts, whe:eby 
both pressures and deceleration force arc very high early i n  the impact process. 
However, from the Apollo Program, i t  Nas demonstrated t h a t  significant differ-. 
ences exist between r i g i d  body and flexible body preqsures and forces (see 
R 3f e r en c es 

A hydroelastic interaction occurs between the in?acting flexible struc- 
ture and the water as the result of the elastic deflections o f  the impacting 
structure. These deflections attenuate the loads and pressures during the 
f i r s t  few milliseconds after impact, b u t  cause an increased load and pressure 
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(by as much as a factor of 2 )  a t  later times. This phenomenon i s  q u a l i t a -  
tively illustrated i n  Figures 8.4.1-4 and 8.4.1-5. 

However, due t o  the difficulty i n  accurately determining flexible 
effects, r i g i d  body pressures are used for preliminary design purposes. 

8.4.2 NASA/MSC Rigid  Body Test Data 

An analysis i s  presented of water impact data obtained from r i g i d  body 

) .  Results substantiate the theoretical pressures derived i n  tne pre- 
scale model tests of a pressure fed booster conducted a t  WASA/MSC (Reference 

vious sections. 

8.4.2.1 Cescription of Model and Test Program 

Figure 8.4.2-1 shows the scale model of a NASA/MSC inhouse version of 
a pressure fed shuttle booster. Dimensions i n  parenthesis are the full 
scale equivalent values. Table 8.4.2-1 l i s t  the relationships used t o  ex- 
trapolate the model data t o  fu l l  scale results. 

The model represents 3 1/32.4 scale version of a 27' diameter, 166.6' 
long, 720,000 lb booster. The model consists of a 10" diameter r i n g  s t i f -  
fened balsa wood t u b e  w i t h  a wall thickness of 1/2". Stiffening rings are 
made from plywood. Total model length is 61.625" and the weight i s  21 l b .  

Instrumentation consists of ten (10) pressure transducers mounted along 
a meridian, as shown i n  Figure 8.4.2-1. No pressure transducers are located 
on the engine structure. Triaxial accelerometers are mounted a t  the CG and 
i n  the nose to  monitor linear and angular accelerations. Three tension/ 
compression load cells are located near the CG t o  monitor body bending 
moments and ax ia l  loads. 

All tests are conducted t o  simulate a full scale vertical impact velocity 
of 150 9 Horizontal velocity was zero for all  tests.  Pitch angles were 
loo, 2OU, and 30' (measured from the vehf:le longitudinal axis  and a normal 
t o  the water surface). 
around the booster body, successive tests were conducted a t  various roll 
angles . 

IL order t o  obtain pressure data circumerentially 

All data made available were for the initSal impbct event. Loads and 

pressures due t o  any secondary rebound impaits were not availdble. 
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Figure 8.4.1-5. Comparison o f  Rigid and F lex ib le  Body 
Pressures f o r  VN=50 Feet Per Pound 
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Table 8.4.2-1 

SCALE RELATIONSHIPS 

Quantity 

Length 
Area 
Mass 
Moment o f  

Inertia 
Time 
Vel oci ty 
Acceleration 
Force 
Pressure 

(A = Scale Factor = 1/32.4) 

Full Scale Scale 
Value Factor 

L x 
2 A A 
3 M x 
5 I x 

T dx 
v fi 
rl 1 
F A3 

P x 
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8.4.2.2 Water Impact Pressures on Engine Structure 
J 

i - 
I I  

ci 

Since there are no pressure transducers on the engine s t ructure,  the 
fo l low ing  r e s u l t s  a re  based on transducer # l o ,  which i s  i n  the v i c i n i t y  
o f  the engines bu t  on the a f t  sect ion o f  the booster s t ruc tu re .  

Pressures on the  s t ruc tu re  a re  n e g l i g i b l e  f o r  p i t c h  angles - 4 10' f o r  

the 3 a l  impact event. Since there i s  s i g n i f i c a n t  rebound due t o  the: 

buuyant forces, pressures f o r  secondary impazt w i l l  probably be q u i t e  high. 
Thus, i t  i s  an t ic ipa ted  t h a t  secondary impacks must be prevented on oper- 
a t iona l  hardware through the use of some type o f  deployable drag mechanism. 
Pressures f o r  an i n i t i a l  p i t c h  angle o f  20' are about 40% o f  t i o s e  f o r  a 

p i t c h  angle o f  30'. 

As the p i t c h  angle increases, the  pressure on the t a i l  end o f  the 
vehic le  increases. This i s  due t o  the dynamic behav;or o f  the veh ic le  as 
i t  enters the water. Figure 8.4.2-2 i l l u s t r a t e s  the change i n  veh ic le  
a t t i t u d e  f o r  an i n i t i a l  p i t c h  angle o f  30' and i s  based on evaluat ion o f  
the  d i f f e r e n t  t ime h i s t o r i e s  o f  the pressure transducers. Whereas the 
vehic le  tends t o  maintain i t s  i n i t i a l  p i t c h  a t t i t u d e  when the p i t c h  angle 
i s  less than lo', a t  the higher p l t c h  angles, the penetrat ion i s  less, 
bu t  there i s  an attendant increase i n  r o t a t i o n  o f  the veh ic le  causing the 
t a i l  end t o  "s lap down". 

Figure 8.4.2-3 shows the f u l l  scale pressures recorded a t  transducer 
# l o  f o r  a p i t c h  angle o f  30' and r o l l  angles o f  Oo, 15O, 45O, and 9Co. It 

w i l l  be noted tha t  a f t e r  the h igh  i n i t i a l  hydrodynamic pressures there re -  
mains a quas i -s ta t i c  pressure o f  22-32 ps i  due probably t o  veh ic le  drag. 
Pressures a t  c i r c u m f e r e r 3 1  s t a t i m s  > 45' are n e g l i g i b l e  due t o  the 
water c a v i t y  createcl up '. impact. 
buted pressure loadings 
times. 

Figure 8.4.2-4 i l l u s t r a t e s  the d i s t r i -  
7 the a f t  end o f  the booster f o r  var ious eiapsed 

Figure 8.4.2-5 shows a comparison o f  pressure Readings a t  Transducers 
#9 and #10 i n  an attempt t o  ext rapolate pressures on the nczzle s t ruc tu re .  
It appears, as a f i r s t  approximation, t h a t  a f t e r  15 mi l l iseconds, the 
[ressures on the nozzle s t ruc tu re  w i l l  be s i m i l a r  t o  those a t  the a f t  end 
o f  the  booster . 
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Figure 8.4.2-3. Ful l  Scale Water Impact Pressures (Transducer 
No. 10) 

8- 70 

i 



b 

Figure 8.4.2-4. Full Scd?e Water Impact Pressures (8  Booster 
Base) 
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The above resu l t s  are f o r  impact condit ions w i th  no no r i zon td  ve loc i ty .  
Tests j u s t  completed a t  NASA/MSC, but  not avai lab le f o r  de ta i led  evaluation 
a t  t h i s  time, ind ica te  tha t  when a hor izonta l  ve loc i t y  component i s  added, 
the resu l t ing  pressures increased about 40%. (Reference ) .  This merely 
shows tha t  the hor izontal  ve loc i t y  compment increases the resu l tan t  tangen- 
t i a l  ve loc i t y  a t  the a f t  end o f  the booster a t  "slap down" (see Figure 
8.4.1-1). 

8.4.2.3 Comparison o f  R ig id  Body Theory vs. Test Results 

The r i g i d  body theory pressures derived i n  Section 8.4.1 .2 were based on 
the assumption t h a t  the vehic le  ro tates about some po in t  l i k e  a compune pen- 
dulum and the corresponding pressures are a func t ion  o f  the tanger '71 ve loc i t y  
when the booster has rotated from a ve r t i ca l  t o  a hor izonta l  pos i t io .  

P 
.k 

t 

e 

B 

p 

P 

Test data does not permit  an easy determination o f  the tangential ve loc i t y  
levels.  However, i f  one equates the quasi -s ta t ic  pressures o f  22-32 ps i  t o  a 

2 1/24,, stagnation pressure, VN calculates t o  be about 70 fps.  On the other 
hand, i f  one uses the d i f f e r e n t i a l  times on pressure transducer #10 fo r  a 0' 
r o l l  and 45' r o l l  and assumes the Vehicle t o  have ro ta ted  as shown i n  Figure 
8.4.2-2, VN calculates t o  be 150 - 200 fps. 

r i g i d  body pressures t o  those derived from the methodology presented i n  
Section . As can be seen, the t e s t  data f a l l s  w i t h i n  the range o f  
expected theoret ica l  values. Thus, i t  can be concluded tha t  s ign i f i can t  
pressures w i l l  r e s u l t  on the a f t  end o f  the booster vehic le  ( inc lud ing the 
engine s t ructure)  when the vehic le  impacts a t  p i t c h  angles i n  excess o f  20'. 
Subsequent tes ts  ind ica te  tha t  hor izonta l  ve loc i t y  aggravates the problem 
and the hydroelast ic"  e f fec ts  w i l l  aggravate the problem s t i l l  fu r ther .  

Figure 8.4.2-6 i l l u s t r a t e s  a comparison o f  the experimentally obtained 

8.4.3 E f fec t  o f  Impact Pressure on Weight 

Weight estimates have been made f o r  structures which would surround the 
nozzle t o  p ro tec t  i t  from the high pressures o f  water slap and for addi t ional  
weight o f  engine s t ruc tu re  t o  withstand the induced loading. The weight 
estimates were made f o r  both LITVC and-Gimballed engines and were made f o r  
varytng assumed lengths o f  nozzle exposure t o  the high pressure. Figures 

8.4.3-1 and 8.4.3-2 represent the engine weights estimated as a f m c t i o n  o f  
pressure f o r  the Gimbal 1 ed and LITVC engi nes respect ive ly  . 
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It  should be noted t h a t  t h i s  condit ion increases the load applied t o  
the giinbal actuators appreciably. For an assumed 100 psi applied to  the 
f u l l  length o f  the nozzle and properly d i s t r i b u t e d  on the circumference, 
the load applied t o  the  actuator exceeds 2 m i l l i o n  pounds. The next highest 
actuator loading condition appl ies only 150,000 pounds. 
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8.5 SITVC ANALYSIS SUMMARY 

The srmnary design resul ts  w ? r 3  presented elsewhere i n  t h i s  report 
(Section 2.2.4). This section presants the en t i re  summary o f  the SITVC 
analysis conducted f o r  the Phase B e f f o r t .  

8.5.1 Basic Techniques o f  F lu id  In jec t ion  Thrust Vector Control 

The control o f  a rocket engine thrust  vector can be accomplished by 
the in jec t ion  o f  a f l u i d  i n t o  the engine nozzle. The f l u i d  can be e i ther  
a l i q u i d  o r  gas and i n e r t  o r  cheniically reacting. Also, the source o f  the 
f l u i d  can be the primary propellants, a t h i r d  f l u id ,  o r  the engine gases 
bled from the combustion chamber. The basic techniques tha t  are used are 
described bel ow and t h e i r  major advantages and disadvantages are g i  ven. 

8.5.1.1 F lu id  Sources and In jec t ion  Modes 

8.5.1.1 . 1 Primary Oxidizer 

Liquid oxidizer from the main tank can be d i r e c t l y  in jected i n t o  the 
nozzle through the th rus t  vector control TVC ports. This method i s  simple, 
requir ing l i t t l e  addit ional hardware. It y ie lds  good side speci f ic  impulse 
, par t i cu la r ly  with fue l  r i c h  primary mixtures as a resu l t  o f  the heat 

released from chemical reaction. The disadvantage i s  that higher nozzle 
heat transfer rates may resu l t  f r o m  the increase i n  the loca l  gas temper- 
ature. I n  the case o f  ablat ive nozzles, the oxidizer may d i rec t l y  react 
wi th  the ablat ive material increasing the local  erosion rate. These 
ef fects w i l l  be especially severe wi th duct cooled nozzles because o f  the 
higher unburned fue l  concentration adjacent t o  the nozzle wall  . 

IS 

The speci f ic  impulse can be improved somewhat i f  the oxidizer i s  in- 
jected as a gas. However, t h i s  also requires the addit ion o f  a heat ex- 
changer t o  vaporize the l i q u i d  p r i o r  t o  Snjection. 

4 

, I'. 
, I.. r' .^ 
I I. 

i 

8.5.1 . 1.2 Primary Fuel 

Liquid fue l  may  be d i r e c t l y  in jected i n t o  the nozzle. The RP-1 system 
has even greater s imp l ic i t y  than the l i q u i d  oxygen system but  Is w i l l  be 
s l i g h t l y  less because no heat i s  released from chemical reactions (unless 
a fue l  lean primary mixture i s  used). However, the lack o f  loca l  heat 
release has the advantage o f  not aggravating the loca l  heating and/or 
ablat ion o f  the nozzle wall as wi th i n jec t i on  o f  an oxidizer. As wi th 

8- 77 

f 

E 



.' 

ox id izer  in jec t ion ,  the s ide spec i f i c  impulse can be somewhat improved by 
heating and vaporizing the fuel p r i o r  t o  i n j e c t i o n  but  a weight penalty 
o f  a heat exchanger i s  incurred. 

8.5.1 .l. 7 Third F lu id  

I n e r t  F l u i d  

A t h i r d  i n e r t  gas o r  l i q u i d  can be used f o r  the i n j e c t i o n  f l u i d .  The 
i n e r t  f l u i d  i s  easier t o  valve and meter bu t  unless the f l u i d  i s  heated, 
the Is would be only f a i r .  Another disadvantage i s  the separate f l u i d  
storage tank required and the add i t ion  o f  a heat exchanger, i f  the f l u i d  
i s  heated t o  improve i t s  performance. 

Monopropellant 

I f  the t h i r d  f l u i d  i s  a monopropellant, such as N204 or  N2H4, the Is 
would be high because o f  the heat released during decomposition. 
mean molecular weight o f  the decomposition products i s  low, the Is w i l l  
be fu r the r  improved. This technique has the disadvantage o f  requ i r ing  
a separate storage tank, as w i th  any t h i r d  f l u i d  system. 
problems o f  s to r ing  and con t ro l l i ng  a se l f - reac t ive  and possibly tox i c  
and corrosive f l u i d .  The heat released by the monopropel rant decomposition 
may also cause increased nozzle heating and ablat ion.  

I f  the 

It also has the 

8.5.1.1.4 B i  propel 1 ants 

Bipropel lants f o r  TVC can be used i n  three basic modes as described 
bel ow . 
Chamber Bleed 

Hot gases from the primary combustion chamber can be b led-of f  a t  high 
temperature and pressure and ducted t o  the TVC i n jec t i on  ports.  Basical ly,  
t h i s  method i s  r e l a t i v e l y  simple bu t  the t rans fer  and contro l  o f  the hot  
gases may be d i f f i c u l t  (ind a heat exchanger would be required t o  b r ing  the 
gas temperature down t o  p rac t i ca l  values. i n  order t o  a t t a i n  good Is, the 
gas temperature should be as high as 2000 t o  3000'R. Because o f  the heat 
capacity o f  the ducts , valves and other hardware components, the gas temper- 
ature, and therefore Is, may vary w i th  f low t ime and rate. 

i 

. ?  

4 '. . 
! 
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Separate Reaction Chamber 

Separate secondary combustion chambers fed by the primary propel1 ants 
can be used t o  de l i ve r  hot  high pressure gas t o  the TVC ports.  One chamber 
would be required f o r  each quadrant o f  the nozzle. This system y ie lds  a 
high I,, depending upon the combustion temperature and pressure. However, 
high combustion temperatures may cause problems o f  loca l  h igh heat t r a m f e r  
ra te  near and downstream o f  the TVC ports.  

D i rec t  I n jec t i on  o f  Fuel and Oxidizer 

Primary ox id izer  and fue l  may be d i r e c t l y  in jec ted  i n t o  the nozzle 
f l o w  such t h a t  they qu ick ly  mix and react.  Such a system i s  r e l a t i v e l y  
simple and y ie lds  a high Is. It has the disadvantage o f  severe heating 
caused by the l oca l  combustion o f  t he  propellants. 

805.2 In jec t i on  Por t  Geometries 

The geometry o f  TVC i n j e c t i o n  por ts  may be o f  two basic geometries, a 
s ing le  c i r c u l a r  o r i f i c e  o r  a, semi - in f in i te  s lo t .  These two geometries pro- 
duce an increased s ide force i n  the nozzle, resu l t i ng  i n  the th rus t  vector- 
ing, by d i f f e r e n t  mechanisms and have d i f f e r e n t  performance character is t ics .  
A comparison o f  the basic TVC p o r t  geometries i s  shown i n  Figure 8.5-1. 

8.5.2.1 Single C i rcu la r  O r i f i c e  

When f l u i d  i s  in jec ted  through a s ing le  c i r c u l a r  o r i f i c e ,  the increased 
volume due t o  the added f l u i d  mixed with, and possibly chemically react ing 
with, the primary stream, produces a region o f  increased s t a t i c  pressure on 
the nozzle wal l  downstream o f  the i n j e c t i o n  por t .  I n  addit ion, a small re-  
g ion o f  separated f low and increased wa l l  pressure occurs immediately up- 
stream o f  the port .  The pressure d i s t r i b u t i o n  produced by i n j e c t i o n  through 
a s ing le  c i r c u l a r  o r i f i c e  i s  also shown i n  Figure 8.5-1. 

I n  general, the optimum loca t i on  f o r  the s ing le  c i r c u l a r  o r i f i c e  i s  
about midway between the nozzle th roa t  and ex i t .  The s ide spec i f i c  impulse 
produced may be greater than t h a t  o f  primary f low but  w i l l  tend t o  decrease 
w i th  increasing th rus t  vector angle above moderate angles because the pres- 
sure f i e l d  begins t o  extend t o  the nozzle diameter and beyond the end o f  the 
nozzl e. 
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8.5.2.2 Semi-Inf in i te S l o t  

Wnen f l u i d  i s  in jec ted  through a s lo t ,  a r e l a t i v e l y  large region o f  
f l o w  separatjon and increased pressure i s  created upstream o f  the s l o t  as 
shown i n  Figure 8.5.2-1. DLwnstream o f  the s l o t  the pressure may be de- 
creased below tha t  o f  the undisturbeG flow. Hence, a s l o t  usual ly  gives 
best performance when placed very near the nozzle e x i t .  As w i th  the 
s ing le c i r c u l a r  o r i f i c e ,  the l a rge r  the change i n  vo lme  generated by the 
in jec ted  f lu id,  the greater the side force generated. 

In contrast  t o  a c i r c u l a r  o r i f i c e ,  however, w i th  a s l o t  the s ide 
spec i f i c  im;,ulse remains essent ia l l y  constant w i th  increasing th rus t  
vector angle, since the obl ique shock does no t  as read i l y  extend t o  the 
nozzle diameter o r  above, resu l t i ng  i n  cosine losses o r  counteracting 
s ide forces. 

A secni- inf ini te s l o t  can i n  r e a l i t y  on ly  be achieved w i th  a semi- 
i n f i n i t e  f l a t  p late.  However, i f  a f i n i t e  width (transverse t o  the f low 
d i rec t ion)  s l o t  extends over a 60' sector o f  a nozzle, performance approach- 
i ng  tha t  o f  a t rue  semi - in f in i te  s l o t  can be real ized. 

8.5.2.3 M u l t i p l e  O r i f i c e s  

Performance charac ter is t i cs  between those o f  a s ing le  c i r c u l a r  w i f i c e  
and a semi - i n f i n i t e  s l o t  i s  obtained by the use o f  mu l t i p le  holes. For 
approximately 2 t o  5 holes i n  a nozzle quadrant, performance be t te r  than 
t h a t  o f  a s ing le  c i r c u l a r  o r i f i c e  can be obtained. Such improvement c a w  
not  be analyzed theo re t i ca l l y  bu t  experimental data w i l l  be presen+- ' t o  
permit evaluation o f  mul t i -ho le configurations. With a la rge  numb i 
closely  spaced hole5 20 t o  30 per quadrant, essential l y  s l o t  perfo, ,Ilarice 

i s  obtained. 

8.5.3 Predic t ion o f  SITVC Performance 

8.5.3.1 Theoretical Analyses 

Several f i r s t -o rde r  theories have been reported f o r  the pred ic t ion  o f  
the side force and side spec i f i c  impulse resu l t i ng  from the i n j e c t i o n  o!: a 
f l u i d  i n t o  a supersonic nozzle f lowa A theory developed by Walker and 
Shandor, Reference b a v d  on a l i nea r i zed  supersonic f low theory model 
i s  v a l i d  f o r  reac t ive  o r  non-reactive f l u i d s  a t  very low i n j e c t i o n  f low 
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rates. Although the analysis i s  i n  agrement w i th  exper'ments f o r  two- 
dimensional ( s l o t )  in jec t ion ,  t h e i r  theory predic ts  s l o t  i n j e c t i o n  t o  be 
less e f fec t i ve  than tha t  w i th  a s ing le  c i r c u l a r  o r i f i c e ,  which i s  contra- 

developed a theory based on a b l a s t  wave analogy f o r  both two- and three- 
dimensional flows. The theory i s  v a l i d  a t  low i n j e c t i o n  f low rates f o r  
react ive o r  tion- eactive f l u ids .  Broadwell's theory i s ,  however, i n  good 
agreement w i th  erimental data, (Reference ) and co r rec t l y  predicts 
the improved performance o f  s l o t  over s ing le  o r i f i c e  i n jec t i on .  Because 
o f  experimental ve r i f i ca t i on ,  t h i s  theory was programed and used t o  pre- 
d i c t  the performance o f  candidace i n j e c t i o n  f l u i d s  discussed below. the 
equations are presented i n  sumnary a t  the end o f  t h i s  section. 

d i c to ry  to  other theories and experiments. Srcadwell , (Reference ) 

I n  a l l  theoret ica l  approaches i t  i s  assumed tha t  in jec ted  l i q u i d s  
vaporize instantaneously and tha t  any chemical reactions between in-'ected 
l i q u i d s  o r  gases and the primary nozzle f low occm instant6 eously and 
are i n  chemical equi l ibr ium a t  the l oca l  s t a t i c  pressure. Deviations 
from these assumptions i n  p rac t ice  and resu l t i ng  e f fec ts  on performance 
w i l l  be discussed la te r .  

I n  general , the in te rac t i on  s ide force generated by SITVC increases 
as the primary stream ve loc i t y  and Mach tiumber increase. Hence, the s ide  
force increases as the i n j e c t t o n  loca t ion  i s  moved dawnstream alopg the 
nozzle. However, f o r  the case o f  s ing le  c i r c u l a r  o r i f i ces ,  the f i n i t e  
length o f  a nozzle w i l l  a f f e c t  performance and w i l l  usual ly  r e s u l t  i n  
there being an optimum loca t i on  f o r  a spec i f i c  nozzle. This e f f e c t  w i l l  
be discussed i n  Section 8.5.2.3.1. 

8.5.3.2 ?omparison o f  Candidate In jectants  

Single - Circu lar  I n jec t i on  Por t  

Calculations were made o f  the s ide spec i f i c  impulse o f  a number o f  
candidate in jec tan ts  f o r  the LOX/RP-1 engine a t  the nominal condit ions o f  
P = 250 psia and 2.4 O/F r a t i o  and as a func t ion  o f  the area r a t i o  G f  the 
nozzle a t  the i n j e c t i o n  po in t  cii' To determine the e f f e c t  o f  the primary 
propellants. calculat ions were a lso  made f o r  several o f  the candidate 
in jec tan ts  ard the LOX/Propane engine f o r  Pc = 250, 2.6 O/F r a t i o  and a 
s ing le  area r a t i o  o f  E~ = 4. The resul ts ,  summarized i n  Table 8.5-1, 

C 

3 
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show negl ig ib le e f fec t  o f  the primary p n p e l l a n t  composition for the par- 
ti cular ox id i  zer-fuel ra t ios  

The resul ts f o r  the LOX/RP-1 propellants and a single c i r cu la r  o r i f i c e  
and s l o t  are given i n  Table 8.5-1. These resul ts are f o r  an i n f i n i t e  area 
r a t i o  nozzle. The e f fec t  o f  f i n i t e  nozzle length on Is will be discussed 
later.  The f l u i d s  and conditions o f  in jec t ion  a re  as fo l lows:  

LOX - - 

GOX - - 
LRP- 1 
GRP-1 - 

- N2°4 

- W2H4 

Liquid oxygen injected w i th  a pressure head o f  250 psia which 
y ie lds an i n jec t i on  veloci ty o f  180 ft /sec. L iquid temperature 
assumed -2970F. 
Gaseous oxygen a t  a t o t a l  temperature To o f  1000°F. In jec t ion  
a t  sonic velocity. i 

- Liquid RP-1 a t  60°F and in jec t ion  ve loc i ty  o f  180 ft/sec. 
- Gaseous RP-1 a t  To = 1000°R and sonic velocity. Molecular 

- Nitrogen tetroxide in jected as a l i q u i d  a t  6OoF and 180 ft/sec. 

- Hydrazine injected-as a l i q u i d  a t  6OoF and 180 ft/sec. 

i 
weight o f  vapor taken as 172. 

2.4 02/RP-1 - Oxygen and RP-1 are in jected separately as l iquids,  both 
a t  180 ft/sec, and assumed to mix and react a t  the i n -  
jec t ion  point  i n  the nozzle primary flow. 

Chamber Bleed - Primary propellant gases from the combustion chamber 
in jected a t  sonic velocit-y w i th  t o t a l  temperatures 
f r o m  1000 t o  400°R. 

- Mater - Injected as a l i q u i d  a t  60°F and 180 ft/sec. 
Freon 114-82 - Injected as a l i q u i d  a t  6OoF and 180 ft/sec. 
S r ( c ~ 0 ~ ) ~  - 68 percent solut ion o f  strontium perchlorate i n  water 

- 

injected a t  6OoF and 180 ft/sec. 

The resul ts  show that, as expected, gaseous in jectants y i e l d  bet ter  
performance than l iqu ids  and that  performance improves with increasing 
to ta l  temperature and decreasing molecular weight o f  the reached products. 
The exothermic f l u i d  N2H4 give only moderate performance f o r  the engine 
under consideration because the decomposition temperatures are not high 
compared t o  the primsry flow s t a t i c  temperature. The l a t t e r  i s  due t o  
the re la t i ve l y  small nozzle area ra t i o .  I n  addition, the formation o f  Ne 
as one o f  the decomposition prodwts resul ts i n  a re la t i ve l y  high mean 
molecular weight o f  the reacted products. 
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Specific impulse i s  seen t o  increase as ci increases. This i s  va l i d  
only as long as the nozzle area r a t i o  eN i s  about 50 percent greater than 
E f o r  gases and about 100 percent greater f o r  l iqu ids.  These area ra t ios  
are required t o  provide su f f i c i en t  nozzle surface area downstream o f  the 
in jec t ion  point  on which the increased pressure can act. Liquids require 
a longer nozzle t o  compensate f o r  the delay o f  atomization and vaporization. 

S i  o t In ject ion 

i 

Both theory and experiments indicate tha t  in jec t ion  from a s l o t  trans- 
verse t o  the primary flow direction, or a series o f  holes which approximates 
a s l o t  i n  performance, i s  more e f fec t i ve  than a s ingle c i rcu la r  port. How- 
ever, because o f  end ef fects a s l o t  fn a nozzle w i l l  give performance i n  
between those o f  a s ingle o r i f i c e  and a semi- inf in i te s lo t .  Although i t  
cannot be treated analyt ical ly,  t e s t  data can be used t o  estimate the per- 
formance o f  a f i n i t e  s lo t .  The t o t a l  side force i s  made up o f  two components 
the pressure interact ion force and the in jected j e t  reaction force. Theory 
predicts the interact ion force t o  be increased by 2.7 f o r  a s l o t  although 
tests  w i th  f i n i t e  width s lo ts  show an increase o f  about 2.2. Hence, perfor- 
mance f o r  s lo ts  was estimated by mul t ip ly ing the in teract ion impulse pre- 
dicted f o r  single o r i f i c e s  by 2.2 and adding the j e t  impulse. These resul ts  
are presented i n  Table 8.5-1. 

I . 
I 

I 
, I  

For in jec t ion  from a s l o t  (or a series o f  holes which i s  equivalent), 
the major par t  o f  the increased pressure acting on the nozzle wall  occurs 
upstream o f  the in jec t ion  point. Hence, f o r  slots, the in jec t ion  locat ion 
should be placed near the nozzle ex i t .  However, f o r  small area r a t i o  
nozzles, f low separation a t  sea level  may l i m i t  the downstream posi t ion a t  
which the TVC ports can be located. 

8.Y.3.3 Modifications t o  Theoretically Predicted Performance 

The theoretical predictions o f  SITVC perormance are based on the assump- 
tions o f  a large area r a t i o  nozzle, small rates o f  f l u i d  inject ion, i.e., 
small thrust  vector angles, and the basic single c i r cu la r  o r i f i c e  o r  a semi- 
i n f i n i t e  s lot .  These conditions are not met i n  practice, and, hence, the 
theoret ical ly predicted performance must be modified accordingly by means 
o f  empirical data. These w e  described below. 
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8.5.3.3.1 E f fec t  o f  F i n i t e  Nozzle Length 

S i  ngl e C i  r cu l  a r  O r i  f i ce ._ 

For i n jec t i on  through a s ingle c i r cu la r  o r i f i c e ,  a l l  o f  the increased 
press ;re downstream o f  the TVC por t  w i l l  not be real ized i f  the nozzle is 
not  01’ s u f f i c i e n t  length. To estimate the loss f o r  a f i n i t e  nozzle length, 
experimental data for Peon 12 reported i n  Reference 
Reference , vere used which showed the loss i n  in teract ion side speci f ic  
impulse I as a functior- o f  the i n jec t i on  location. This data has been nor- 
malized and reproducea i n  Figure 8.5-2. The decrease i n  Isi for increasing 
values o f  E+,,, 9s a * e s u f t  o f  not  rea l i z ing  the f u l l  s ide in te rac t ion  force. 
Hence, when applying t % s  correct ion f sr  f i n i t e  nozzle length, only the 
in teract ion force coinponent, and not the j e t  forc-c, must be modified. The 
Freon data show a s l i g h t l y  longer nozzle i s  required t o  a t t a i n  a given level  
o f  performance because o f  the vaporization delay time. 

, and =or a i r  from 

S i  

The above correction f o r  f i n i t e  nozzle length was applied t o  the calcu- 
lated side speci f ic  impulse o f  the candidate in jectants  and the resul ts  are 
shown i n  Figure 8.5-3. The speci f ic  impulse f i r s t  increases (increases 

ve loc i ty  and Mach number. However, as 6 increases further, Le . ,  ei/cN 

decreases, the loss due t o  i n s u f f i c i e n t  nozzle length downstream o f  the 
por t  begins t o  become s ign i f icant ,  decreasing ISi and therefore Is. When 

‘i 
ing Is, are so le ly  those o f  the f l u i d  j e t .  For l i qu ids  t h i s  i s  very small 
while f o r  gases, depending upon the t o t a l  temperature, the j e t  spec i f ic  
impulse Isi, can be s ign i f icant .  

f o r  a f i xed  $,, because the in teract ion force increases w i th  the f low 

i 

- - EN9 the in teract ion force vanishes and the side force, and correspond- 

Slot  - 
Since f o r  a s l o t  TVC port, the increased pressure ex is ts  upstream o f  

the s l o t  and the length cif nozz’e downstream’of the s l o t  does not a f f e c t  
the resul t ing side force. As mentioned before, best s l o t  performance i s  
obtained when the po r t  i s  located near the nozzle ex i t .  The side speci f ic  
impulse predicted f o r  the candidate in jectants and f o r  a s l o t  TVC por t  i s  
given i n  Figure 8.5-4. 

Ef fec t  o f  I n jec t i on  Mas5 Ratio (or Thrust Vector Angle) 
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Figure 8.5-2. Effect  o f  Injection Location on Interaction 
Side Specffic Impulse f o r  a Single Circular 
Or i f ice  
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UU RATIO A1 WNT OF INJECTION. t 

Figure 8.5-313. Predicted Total Side Specific Impulse f o r  
Candidate Injectants and EN= 6, as a 
Function o f  the Area Ratio a t  the Point o f  
Injection. Single Circular Ori f ice Geometry 

Figure 8.5-3c. Predicted Total Side Specific 
Candidate Injectants and EN = 
Function o f  the Area Ratio a t  

Impulse f o r  
8, as a 
the Point o f  

Injection. Single Circular Ori f ice Geometry 
8-88 



i 

PRIMARY PROPELLANTS: 2.4 O2/RP-1 

P = 250 PSlA 
s LOT 

C 

-CHAMBER f z  GASES 3OOO O R  

2 3 4 5 6 
AREA RATIO AT POINT INJECTION, E 

FOR GASEOUS INJECTANTS 
1 = l O O O o R  

&CEPl AS NOTED. 
INJECTION ANGLE 
90' TO NOZZLE AXIS 

0. 

? 

I 
.! - 

i -  

! 
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Single Ci rcu lar  O r i f  i c e  

When the i n j e c t i o n  mass ra t i o ,  the r a t i o  o f  the i n jec tan t  f l o w  r a t e  t o  
the t o t a l  main stream f low rate,  Ws/blA, i s  greater than a few percent, the 

side spec i f i c  impulse, I decreases due t o  several second-order e f fec ts .  
With increasing i n j e c t i o n  f low r a t e  the region o f  increase i n  surface pres- 
sure grows l a t e r a l l y  and long i tud ina l l y ,  As the i n te rac t i on  region grows 
la te ra l l y ,  the addi t ional  area experiencing increased pressure becomes less 
e f fec t i ve  because o f  the nozzle l a t e r a l  curvature and only the component 
i n  the th rus t  vector plane contr ibutes t o  the j e t  def lect ion.  This loss 
o f  effect iveness i s  ca l l ed  the "wrap-around" e f f e c t  or cosine loss e f fec t .  
As the i n te rac t i on  region grows long i tud ina l l y  and the reg ion o f  increased 
surface pressure extends fu r the r  downstream, i t  may reach the nozzle e x i t  
plane. The nozzle length i s  then i n s u f f i c i e n t  a t  the higher i n j e c t i o n  f low 
r a t e  t o  rea l i ze  a l l  o f  the i n te rac t i on  fo rce  t h a t  could be generated. Ir! 

addit ion, i f  the i n jec tan t  i s  a l i qu id ,  the atomization and vapor izat ion 
distance increases w i th  i n jec tan t  f low r a t e  and may become so la rge  as t o  
no t  be completed w i th in  the nozzle causing fu r the r  reduced effect iveness . 

S 

The e f fec ts  described above are no t  included w i t h i n  any o f  the ex i s t -  
i n g  theories. Hence, experimental data must be r e l i e d  upon t o  estimate the 
decrease i n  s ide spec i f i c  impulse f o r  a given in jec tan t .  

F 9 r  gaseous in jectants ,  the t e s t  data o f  Reference was used i n  
which the s ide spec i f i c  impulse was systemat ical ly measured as a funct ion 
o f  ci/cN and the mass f low r a t i o .  This data was normalized as shown i n  
Figure 8.5-5 i n  which the reduction i n  the i n te rac t i on  s ide spec i f i c  i m -  
pulse (excluding the j e t  s ide spec i f i c  impulse) i s  given as functions o f  
the th rus t  vector angle and E ~ / E N .  

o f  the added var iab le o f  the l i q u i d  atomization and vapor izat ion time. 
However, when the data f o r  a var ie ty  o f  l i q u i d  in jec tan ts  and d i f f e r e n t  
nozzles i s  p lo t ted  as normalized s ide spec i f i c  impulse versus thrust vector 
angle, the data f a l l  i n t o  a reasonably narrow band. The in jec tan ts  included 
LOX, N204' Freon 114-82 and Sr(CaO& The range o f  the data and an estim- 
ated mean l i n e  are shown i n  Figure 8.5-6. No consistent dependence on ci/cN 

was seen f o r  the l i qu ids  proably because i t  was masked by atomization and 
vaporization e f fec ts  

I n  the case o f  l i q u i d  in jec tan ts  the problem i s  more complex because 

8- 90 

I.. . 



,- 

1 

1 .o 

0.8 

8 0.6 
li 
0 
> 

n 
H - 

v ' H 0.4 - 

0.2 ' 0.3 

0 1 2 3 4 5 6 
0 

THRUST VECTOR ANGLE a", DEGREES 

Figure 8.5-5. Effect  o f  Thrust Vector Angle on the Inter-  
action Side Specific Impulse for Gaseous 
Injectants . 

1 .o 

THRUST VECTOR ANGLE DEGREES 

0.7 

Figure 8.5-6. Ef fect  o f  Thrust Vector Angle on the Side 
Specific Impulse f o r  Liquid Injectants 

8-91 



The experimental data f o r  both gases and l i q u i d s  show tha t  the th rus t  
vector angle increases a t  a decreasing r a t e  as the i n j e c t i o n  mass r a t i o  i s  
increased. Much o f  the data show the vector angle asymptotical ly approach- 
ing  a maximum value o r  even reaching a maximum angle and then decreasing, 
depending upon the nozzle and in jec t i on  variables. The l i m i t  i n  angle 
appears t o  be i n  the range o f  6 t o  10'. These fac to rs  po in t  up several 
potent ia l  problems a t  la rge  th rus t  vector angles; namely, the s ide spec i f i c  
impulse w i l l  be low i f  the i n j e c t i o n  l oca t i on  i s  optimized f o r  smaller 
angles, and 5-ince the vector angle approaches a maximum angle asymptotical ly, 
a la rge  f r a c t i o n  o f  the primary mass f low i s  required t o  obta in  la rge  angles. 

s1 o t  - 
Slots are r w m a l l y  located a t  the nozzle e x i t  arid because o f  the re la -  

t i v e l y  la rge  nozzle dimension a t  t h i s  locat ion,  much higher i n j e c t i o n  mass 
ra t i os  are required before the generated obl ique shock and resu l t i ng  pres- 
sure f i e l d  extends t o  the nozzle diameter. I n  fac t ,  experimental data show 
t h i s  condi t ion t o  be v i r t u a l l y  unattainable f o r  p rac t i ca l  t h rus t  vector 
angles. Thus, the t e s t  data show tha t  the s ide spec i f i c  impulse f o r  s l o t s  
i s  constant w i th  increasing th rus t  vector angle. Hence, no modi f icat ion 
need be appl ied t o  the theo re t i ca l l y  predicted performance f o r  s l o t s  

8.5.3.3.3 Effects  o f  I n jec t i on  Angle 

Experiments and theory bot? ind ica te  tha t  d i rec t i ng  the TVC i n j e c t i o n  
i n an upstream d i  rec t i on  increases the generated s i  de fo rce  and sped  f i c 
impulse. The reason f o r  t h i s  i s  d i f f e r e n t  f o r  gases than f o r  l i qu ids .  For 
gases, the i n te rac t i on  s ide force increases f o r  upstream i n j e c t i o n  because 
the forward component o f  momentum causes a higher pressure i n  accelerat ing 
the f l u i d  t o  the primary stream ve loc i t y  i n  the downstream d i rec t ion .  For 
l iqu ids ,  the j e t  momentum i s  neg l i g ib le  so t h a t  upstream i n j e c t i o n  does no t  
appreciably a l t e r  the i n te rac t i on  force. However, upstream i n j e c t i o n  does 
increase the residence t ime o f  the l i q u i d  resu l t i ng  i n  more complete vapor-. 
i za t i on  and possible chemical reaction. 

A theoret ica l  p red ic t ion  o f  the e f f e c t  o f  i n j e c t i o n  angle on the side 
spec i f i c  impulse f o r  a gaseous and l i q u i d  i n jec tan t  i s  given i n  Figure 
8.5-7. It shows tha t  w i th  LOX, as w i th  any l i q u i d  in jectant ,  there i s  
essent ia l l y  no e f f e c t  o f  i n j e c t i o n  angle on s ide spec i f i c  impulse due t o  

i 
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momentum e f fec ts .  The reason i s  t h a t  the momentum i n  a l i q u i d  j e t  i s  very 
small and therefore the amount o f  upstream momentum t h a t  ci' 7 be added t o  
the main f low by i n j e c t i n g  i n  3 forward d i r e c t i o n  i s  a lso small. 
gaseous j e t ,  such iis w i t h  GOX, t ke  j e t  momentum i s  appreciable and forward 
i n j e c t i o n  w i l l  improve the side s g e c i f i c  impulse, as shown i n  Figure 8.5-7.  

As the j e t  momentum i s  incbGased, as w i t h  hot  gas in jec tan ts ,  the e f f e c t  
o f  i n j e c t i o n  angle w i l l  be somewhat more r;*onounced. 

For a 

There i s  another fac to r  which enters and may overr ide the e f f e c t  o f  
i n j e c t i o n  angle on the i n t e r a c t i o n  force. 
temperature, where the j e t  reac t ion  fo rce  i s  large, the cosine i o s s  fo, 
i n j e c t i n g  a t  an angle o f f  from normal t o  the primary nozzle ax is  may be 
s ign i f i can t .  I n  addiLion, the a x i a l  component o f  t he  j e t  reac t ion  fo rce  
f o r  a downstream angle w i l l  con t r ibu te  t o  the  engine th rus t .  This, i n  
add i t i on  t o  the increase i n  a x i a l  t h r u s t  from tire a x i a l  component o f  the 
i n t e r a c t i o n  force, may r e s u l t  i n  a decrease i r r  tiit requi-ed engine propel- 
l a n t  f low rate,  more than compensating f o r  the loss  i n  the s ide  s p e c i f i c  
impulse. 

For gaseous in jec tan ts  a t  h igh 

The above e f f e c t s  were ca lcu lated f o r  chamber bleed gases a t  2000 and 
4000°R. 
j e c t i o n  angle i s  shown. The e f f e c t  i s  more pronounced f o r  the higher 
temperature because the j e t  s p e c i f i c  impulse i s  a l a r g e r  f r a c t i o n  o f  the 
t o t a l  s ide spec i f i c  impulse. The increase i n  the a x i a l  Lhrust froni both 
the i n te rac t i on  fo rce  and the downstream component o f  the j e t  fo rce  i s  
p l o t t e d  i n  Figure 8.5-9. I t  does show t h a t  an increase o f  as much as 20 
percent i n  a x i a l  t h r u s t  ( o r  i n  a x i a l  s p e c i f i c  impulse) i s  rea l i zed  w i t h  
an i n j e c t i o n  angle o f  150'. I f  the t o t a l  a x i a l  t h r u s t  i s  held constafit 
by reducing the primary p rope l lan t  f low rate,  the sum o f  the primary pro- 
p e l l a n t  f low r a t e  and the SITVC f low r a t e  decreases with increasing down- 
stream i n j e c t i o n  angle as shown i n  Figure 8.5-10. For a 6' t h r u s t  vector 
angle and To = 2000°R, a minimum i s  observed a t  140'. The se lec t ion  o f  
an optimum i n j e c t i o n  angle, however, would be dependent upon the average 
and maximum t h r u s t  vector angles. 

I n  Figure 8.5-8, the cosine loss i n  s ide  s p e c i f i c  impulse w i t h  i n -  

1 

8.5.3.3.4 E f f e c t  o f  M u l t i p l e  Or i f i ces  

As mentioned e a r l i e r ,  the s ide specieic inpulse genera l ly  i lc reases 
i n  go!ng from one c i r c u l a r  o r i f i c e  t o  several l a t e r a l l y  displaced. This 
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i s  shown i n  Figure 8.5-11 f o r  68 percent S ~ ( C P , O ~ ) ~  from Reference 9 

i n  which i s  p lot ted Is, normalized by Is a t  zerb thrust  vector angle and 
one o r i f i c e  versus thrust  vector t.igle, wi th curves f o r  1, 3, 5 and 7 
or i f ices.  Although the range of data i s  l imited, i t  c lear ly  shows the 
improiment i n  Is i n  employing mult i -or i f ices.  A t  about N = 5, l i t t l e  
fur ther gain i s  achieved by increasing N. One o f  the reasons f o r  the 
better performance wi th  mu1 t i - o r i f i c e s  i s  the more rapid mixing and 
vaporization o f  the in jectant  wi th  the primary stream gases. 
the l a te ra l  d is t r ibu t ion  o f  the o r i f i ces  somewhat approximates a s l o t  
geometry which exhibits a stronger f l u i d  dynamic interact ion.  

I n  addition, 

8.5.4 Experimental SITVC Data 

8.5.4.1 Data f a r  Various Injectants, Geometries and Primary Flows 

Test data from various investigators were gathered and plot ted as the 
r a t i o  o f  generated side force t o  ax ia l  thrust  versus the i n jec t i on  mass 
rat io .  The side force to ax ia l  thrust  r a t i o  i s  the tangent o f  the th rus t  
vector angle and the slope o f  the curve represents the r a t i o  o f  the t o t a l  
side speci f ic  impulse to ax ia l  speci f ic  impulse. 

Data f o r  wind tunnel tests, l i q u i d  propellant and s o l i d  propellant 
engines, representing various nozzle area rat ios,  i n jec t i on  geometries, 
locations and angles, and in jectants i s  given i n  Figure 8.5-12. The resul ts 
show a wide range i n  performance. The l i q u i d  in jectants show s imi lar  char- 
acter is t ics  while Curves No. 10 and 11, f o r  gases show much higher values 
o f  Is/IA (the slope o f  the curves) and which are constant t o  large thrust  
vector angles. Curve No. 6 exhibi ts high performance up t o  4.5' but then 
decreases rapidly due to  the oblique shock impinging on the opposite nozzle 
wall and generating opposing forces. This character ist ic i s  typ ica l  o f  de- 
signs optimized f o r  small vector angles and i l l u s t r a t e s  the f a c t  that  the 
optimum location o f  the in jec t ion  point  i s  a function o f  the thrust  vector 
angle and that  a f i n a l  locat ion must consf :er the maximum and average 
vector angles. 

8.5.4.2 Coltprisons o f  Theory With Test Data 

To ve r i f y  the method 2f calculat ing SITVC performance, predictions were 
made o f  the side speci f ic  impulse tcrresponding t o  the condition and geome- 
t r i e s  o f  several experiments. Calculations viere made f o r  Freon 114-62 and 
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LOX i n jec tan ts  and the resu l t s  are shown i n  Figure 8.5-13. For Freon, 
the theoret ica l  p red ic t ion  and the t e s t  resu l t s  are i n  very close agree- 
ment. I n  the case o f  LOX, appreciable di f ferences are seen. A possible 
explanation i s  t h a t  the LOX may p a r t i a l l y  f l ash  i n t o  vapor i n  the TVC 
po r t  and be in jec ted  l a rge ly  as a gas. This would r e s u l t  i n  the Is being 
la rger  than predicted and i n  decreasing less  w i th  increasing th rus t  vector 
angle. Deta i ls  o f  the p o r t  and in jec to r  valve design were not  avai lab le 
t o  evaluate the p o s s i b i l i t y  o f  vapor f lash ing  i n  the por t .  

8.5.5 SITVC Performance Study f o r  Pressure-Fed Booster 

8.5.5.1 Predic t ion o f  Candidate In jec tan t  Performance 

Calculations were made o f  the SITVC performance o f  a number o f  candi- 
data in jec tan ts  and f o r  the pressure-fed engine nominal design point .  
o f  the basic ca lcu lat ions were reported i n  Section 8.5.3.2. These resu l t s  
were then modif ied f o r  the engine nominal conf igurat ion.  Although the 
s l o t  (o r  la rge  number o f  d i s t r i bu ted  o r i f i c e s )  would g i ve  best performance 
the assumption was made t h a t  p rac t i ca l  l im i ta t i ons  w i l l  r e s t r i c t  the number 
o f  holes and l i m i t  the performance t o  60 percent o f  the d i f fe rence between 
a s ing le o r i f i c e  and a semi - in f in i te  s lo t ,  a t  respective optimum locat ions.  
The range o f  Is and the assumed nominal are shown f o r  LOX i n  Figure 8.5-14. 

impulse i s  p lo t ted  as a funct ion o f  the th rus t  vector angle f o r  the various 
in jectants.  The curve f o r  the chamber gas bleed i s  higher and f l a t t e r  be- 
cause w i th  the gas in jec tan t ,  the j e t  spec i f i c  impulse i s  s ign i f i can t ,  
cont r ibut ing appreciably t o  the t o t a l  s ide spec i f i c  impulse, and remaining 
constant with i ncreasi ng th rus t  vector angle. 

Some 

The resu l t s  are shown i n  Figure 8.5-15 i n  which the t o t a l  s ide spec i f i c  

8.5.5.2 Nozzle Flow Separation 

A t  sea l eve l  and low a l t i t udes  the nozzle may be overexpanded and f low 
separation may r e s u l t  spontaneously o r  may be t r iggered by the TVC d l u i d  
in jec t ion .  
advantageous because an increase i n  th rus t  i s  t heo re t i ca l l y  possible. How- 
ever, po ten t ia l  problems are: (1) The f low may separate asymnetrical ly 
causing undesired and excessive th rus t  vectoring, causing non-linear response, 
and (2) I f  the separation po in t  moves forward o f  the TVC i n j e c t i o n  port,  
the TVC may become ine f fec t i ve ,  especia l ly  f o r  small vector angles. 

I n  p r inc ip le ,  f low separation i n  an overexpanded nozzle i s  
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c An estimate was made f o r  a non-ablating nozzle o f  the area r a t i o  a t  
which separation would l i k e l y  occur a t  sea leve l  a l t i t u d e  as a function 
o f  chamber pressure. The separation pressure r a t i o  was determined from 
the data o f  Arens and Spiegler, Reference 
r a t i o  was determined f o r  nozzle f low w i th  a spec i f ic  heat ra t io ,  y = 1.2. 
The resul ts are given i n  Table 8.5-2 

, and corresponding area 

Table 8.5-2. Separation Area Ratio a t  Sea Level 
Chamber Pressure 

psia Separation Area Ratio 

200 
250 
300 

5.2 
6.3 
7.4 

A v a r i a b i l i t y  o f  about - + 8 percent can be expected i n  the separation area 
r a t i o  due t o  secondary factors. Hence, f o r  a nominal design nozzle area 
r a t i o  o f  6 and a chamber pressure o f  250 psia, f low separation a t  sea 
level  may occur. More sophisticated techniques o r  t e s t  data are required 
t o  determine the sepa a t ion  po in t  f o r  an ablat ing nozzle. 

8.5.5.3 Ef fec t  o f  SITVC In jec t i on  on Nozzle Heat Transfer and Ablation 

Heat Transfer Rate Ampli f icat ion 

The in jec t i on  o f  the f l u i d  f o r  thrust  vector control acts by l o c a l l y  
increasing the pressure on the nozzle wall .  Associated w i th  t h i s  w i l l  be 
an increase i n  the local  heat t ransfer rate. An estimate o f  the increase 
i n  the local  heat t ransfer ra te  was made from the experimental data o f  
Reference i n  which supersonic wind tunnel measurements were made o f  
the heat t ransfer r a t e  i n  the v ic in i ty o f  various protuberances on a f l a t  
plate. The blockage created by a gaseous o r  l i q u i d  j e t  i s  aerodynamically 
s im i la r  t o  tha t  o f  f i xed  s o l i d  protuberances and, hence, the t e s t  data 
give an ind icat ion o f  the heating ampl i f icat ion t o  be expected near the 
TVC ports. Calculation was made o f  the primary stream u n i t  Reynolds 
number and Mach number f o r  the pressure-fed engine f o r  Pc = 250 psia and 
a nozzle area r a t i o  o f  4, approximating the optimum in jec t i on  po r t  location. 
For these conditions, Rem - 1.2 x l o6  ft” and Mm = 2.45. 
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The tes t  data p lo t ted  as a funct ion o f  distance upstream f rom the 
protuberance i s  shown i n  Figure 8.5-16 f o r  two geometries bel ieved t o  
represent extremes, a cy l inder  w i th  i t s  ax is  normal t o  the p la te  and a 
90* elbow. The data show tha t  a t  a comparable Re 00 and M 00 the heat 
t ransfer  ra te  i s  increased by about 3 t o  6 upstream o f  the protuberance, . 

depending upon the r a t i o  o f  t hs  boundary layer  thickness 6 t o  the po r t  
diameter D and which geometry the f l u i d  j e t  w i l l  more c losely  approximate. 
The values o f  6 and D are no t  defined and so a more d e f i n i t i v e  p red ic t ion  
o f  the increased heat t rans fer  cannot be made a t  t h i s  time. 

Test data taken t o  the side and downstream o f  the protuberance show 
maximum heating ampl i f i ca t ion  i n  the range o f  1.2 t o  3. The region o f  
appreciable increased heating extends 6 t o  8 diameters downstream o f  the 
protuberance. 

Recession Rates o f  Ablat ive Mater ia ls 

A r e s u l t  o f  the increased loca l  heat t rans fer  r a t e  i n  the v i c i n i t y  o f  
the TVC por ts  w i l l  be an increase i n  the ab la t ion  r a t e  o f  the nozzle i f  an 
ab la t i ve  l i n e r  i s  used. I n  addit ion, i f  an ox id izer  i s  in jected, chemical 
reactions w i th  the ab la t i ve  may occur causing addi t ional  heating and 
ablat ion. To evaluate the sever i ty  o f  therc ef fects ,  computations were 
made o f  the surface recession r a t e  i n  the ncmle,  a t  an area r a t i o  o f  4, 
f o r  two po ten t ia l  ab la t i ve  l i n e r s  o r  inser ts ,  s i l i c a  phenolic and graphite. 

The normal nozzle heat t rans fer  r a t e  predicted f o r  the booster engine 
was mu l t i p l i ed  by 1.6 and 3.0 t o  represent the increased heating downstream 
and upstream, respectively, due t o  SITVC in jec t ion .  The normal o r  reference 
heating rates are l i s t e d  i n  Table 8.5-3 as a funct ion o f  the wal l  temperature 
and nozzle area r a t i o  E. 

The thermal response and ab la t ion  o f  s i l i c a  phenolic was calculated 
using the TRg Conduction-Ablation-Reaction Erosion (CARE) Program. The 
CARE program solves the one-dimensional heat conduction equation f o r  
charring ab la t i ve  mater ia ls  which undergo chemical decomposition in-depth 
resu l t i ng  i n  the formation o f  gaseous prodlicts and a residual  char layer .  
The gaseous products, i n  f lowing through the porous char layer  t o  the sur- 
face, are assumed t o  be i n  thennodynamic equi l ibr ium w i th  the char. Thus, 

4 -  
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Table 8.5-3 
Nozzle Wall Heat  Transfer Rate Without F'iiiid 1nject;on 

Primary Propellants: 2.4 O,/RP-1 
P = :SO psia 
I: 

Wall Temperature 
O F  

500 
1000 
2000 
3000 

2.408 
2.023 
1.380 
0,861 

Heat Transfer Rate 
BTU/in2 sec 

1.653 1.243 1.005 0.845 
1.367 1.037 0.836 0.702 
0.927 0.699 0.562 0.402 
0.574 0.431 0.345 0.288 

the gases w i l l  absorb sensible heat from the char and provide addi t ional  
heat blockage i n  the boundary layer  by in teyac i ing  w i th  the external gas 
stream . 

For the graphi te mater ia l  , an opt ion i s  provided w i t h i n  the program for 
chemical i n te rac t i on  between the heated surface and the environmental gases. 
For an a i r  boundary iayer, the reactions considered are the heterogeneous 
oxidat ion o f  the carbonaceous surface t o  y i e l d  a mixture o f  CO and CD2. 
Carbon vapor pressure data was used which includes the formation o f  species 
Cg through C. -. Three d i s t i n c t  regimes have been considered i n  the surface 
oxidat ion model. A t  the lorJer temperatures when the surface react ion i s  
f i r s t  beginning, the react ion r a t e  i s  con t ro l led  b,y the chemical k ine t i cs  
( ra te - l im i ted  regime) A t  higher temperatures, the d i f f us ion  rates o f  the 
gaseous reactant and prociucts are contro l1  ing (d i f f uq ion  1 imitec! regime). 
I n  between, there i s  a t rans i t i on  r e g h e  where both the chemical k ine t i cs  
and d i f f us ion  process ore o f  approximately equal importdnce. A t  even higher 
temperatures the surface mater ia l  w i  11 begi n t o  vaporize 

.3 

Tbe resu l t s  f o r  s i l i c a  phenolic are given i n  Figure 8.5-17 i n  which 
the surface recession i s  shown as a funct ion o f  t ime f o r  the reference and 
ampl i f ied heating rates.  It i s  seen tha t  a three- fo ld  heating produces a 
4.8 times greater recession r a t e  and which i s  independent o f  the oxygen 
concentration i n  the f ree  stream. The lack o f  inf luence o f  oxygen i s  due 
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t o  the decomposition o f  the phenolic being r a t e  l imi ted.  This i s  p a r t l y  
due t o  the blockage e f f e c t  o f  the gases o f  decomposition being emitted 
from the ablat ing surface and impeding the d i f f us ion  o f  any oxygen to  the 
surface . 

The recession o f  graphite i s  shown i n  Figure 8.5-18. With graphite, 
the surface loss i s  a strong funct ion o f  the oxygen Concentration. However, 
even f o r  21 percent oxygen and three-fold heating rate, the t o t a l  recession 
a f t e r  180 seconds i s  only 0.10 inch, considerably less than tha t  f o r  s i l i c a  
phenol i c  under the same conditions. 

I n  gaseous in jec t i on  experiments reported i n  Reference , measure- 
ments were made o f  the concentration p ro f i l es  o f  the in jec tan t  a t  several 
locations downstream o f  the i n jec t i on  port.  The tests  showed tha t  the peak 
concentration o f  in jec tan t  was located some distance above the surface and 
tha t  as the in jec tan t  di f fused i n t o  the primary stream the in jec tan t  con- 
centrat ion a t  the p la te  surface was never more than about 20 percent. This 

would indicate that  f o r  LOX in ject ion,  the surface concentration o f  O2 would 
be approximately the values used i n  the ablat ive calculations, Le . ,  21 per- 
cent. 

8.5.5 Sumnary o f  Analyt ical Formulations 

The theory o f  Broadwell , Reference i s  based on a b las t  wave analogy 
and the t o t a l  side speci f ic  impulse generated by f l u i d  i n jec t i on  i s  the sum 
o f  tha t  from the aerodynamic in teract ion I and that from the j e t  react ion 
Is , Le.,  

S i  

j 

j 
S 

I = I  + I  
si S 

For non-reacting gaseous injectants, the in teract ion spec i f i c  impulse i s  
given by 

F a M  OD V, 
I =  

i g S 
i n To ,J 
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f 

i n  which 
f = Empirical constant and determined from experiments t o  equal 1.4 
a = Coeff icient which i s  a function o f  y,; u = 0.35 y, - 0.32 

M 00 = Mach number i n  the primary stream 
V = Velocity i n  the primary stream 

g = Gravitational constant, 32.2 lbm-ft/lbf-sec 
y, = Sr 'F ic heat r a t i o  o f  primary stream gases 
n, = Molecular weight o f  primary stream gases 

'i 

2 
m 

= Molecular weight o f  in jectant  
= Total temperature o f  Ii~Jectant 

TO i 

. .  

1 

1 

T = Total temperature o f  primary stream 0 

I f  the in jectant  i s  a l i q u i d  which undergoes vaporization or the in jectant  
chemically reacts w i th  the primary stream: 

I - P . M w V w k +  1 

si (YW 

i n  which 
pm = Density o f  undisturbed primary stream 

= Density change resul t ing from the addi t ion o f  in jectant  t o  the 
primary strea!! a f t e r  vaporization and/or chemical reaction pi 

b 

1 
+ - 1) 2 pi ex (YO3 OD 

V I =  
si 

ex V + 

i n  which 
= Primary stream ax ia l  spec i f ic  impulse I A  

6 = Acute angle o f  a normal t o  the nozzle wall  with respect t o  the 

a = Angle between inJection axis and primary nozzle axis, 0' being 
primary nozzle axis 

in ject ion directly upstream 
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P 

V = Primary stream effect ive exhaust velocity, exhausting t o  vacuum ex 

L 

I n  the case o f  chemical reaction, i t  i s  assumed t o  be i n  chemical equ i l i -  
brium a t  the primary stream local  s t a t i c  pressure and 

where r i s  the loca l  mass r a t i o  ( i n  the mixing region) o f  in jec tan t  t o  
primary stream gases and pmix i s  the density o f  the mixture a f t e r  vapor- 
i za t i on  and chemical reaction, i f  any. 

The speci f ic  irnpulse o f  the j e t ,  f o r  gases, i s  given by: 

where pi i s  the in jectant  density a t  the o r i f i c e  and, f o r  sonic flow, 

i n  which, R = Universal gas constant. 

f o r  l iquids,  

and Vi = 

where h i s  the pressure head. 

"i I - -  
g 

The above i s  f o r  i n jec t i on  through a s ingle c i r cu la r  o r i f i c e  from a 
f l a t  p la te and f o r  small ra t i os  o f  in jec tan t  mass f low r a t e  t o  prtmary 
stream mass f low rate. For in jec t ion  through a semi- inf in i te s lo t ,  the 
interact ion s p e c i f k  impulse i s  theoret ica l ly  2.7 times greater. However, 
experimental data shows the factor t o  be about 2.2, which i s  the value used 
i n  a l l  computations f o r  a s l o t  geometry. 
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When i n  ine  practical case the inject ion i s  made from an angied nozzle 
wall rather than an aligned f l a t  plate,  and the in ject ion angle " s  not 
normal t o  the primary nozzle axis, I i s  calculated from the ttiodified 

eq ua t i on. ' i  

b 
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8.6 COMBUSTION ANALYSIS RESULTS 

The central element TRW coaxial p i n t l e  i n jec to r  concept lends i t s e l f  
t o  ready scaling from known data points t o  larger  engine sizes wi th reason- 
able assurance o f  meeting performance goals. There are cer ta in  res t ra in ts  
which are h p o r t a n t  i n  t h i s  scaling: 

0 LO veloc i ty  through the LO2 i n l e t  duct i s  f i xed  by the feed 

a Fuel sheet thickness and e f fec t i ve  blockage o f  the fue l  sheet 
penetration i n t o  the LO2 streams must optimize t o  control the 
momentum rat ios.  

0 Pressure drop r a t i o  between oxidizer and fue l  (a measure o f  
momentum r a t i o )  1 5  r e l a t i v e l y  f ixed. 

sy 1 tem. 

I n  addition, the combustion chamber diam2ter select ion w i l l  be i n f l u -  
enced by several major factors and tempeid by several minor factors. The 
major factors are: 

0 Stagnation pressure loss 
0 Heat t ransfer loading 
0 Primary in jec tan t  t ra jectory  i n  combustion 
0 S t a b i l i t y  t o  combustion chamber perturbations 

a Weight 
0 Physical s iz ing 

The secondary factors are: 

8.6.1 LO, P in t l e  Diameter and In jec t ion  Or i f i ce  Geometry 

The siz ing o f  the p i n t l e  i s  pr imar i ly  determined by the allowable LO2 
feed velocit ies, the fue l  sheet thickness, and the LO2 o r i f i c e  configuration. 
I n  addition, i f  t h r o t t l i n g  i s  considered, the s l o t  length i s  important as 
i t  affects the required t h r o t t l i n g  sleeve strokes. The ef fects o f  feed 
veloci ty are i l l u s t r a t e d  i n  Figure 8.6.1-1. For the design selected i n  
t h i s  study 20 fps was taken as the l i m i t i n g  velocit,y. This resul ts  i n  a 
diameter o f  24 inches. 

specified conditions i n  Figure 8.6.1-1 i s  also shown f o r  a aP r a t i o  o f  
100 (02)/40 (RP-1). This geometry can be varied somewhat t o  optimally 
match the i n jec to r  o r i f i c e  genmetries, with l i t t l e  e f fec t  upon the overal l  
perfc ma nce 

The resul t ing primary and seconrlary oxidize,- :,lot geometry f o r  the 
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c 8.6.2 Combustion Chamber Diameter 

The TRW PFE combustion chamber diameter se lect ion i s  governed by stag- 
nat ion pressure loss, the i n jec tan t  t ra jec to r i es  and heat t ransfer .  Total 
pressure loss i n  the combustion chamber has a dominating inf luence on chamber 
diameter select ion. A t  a contract ion r a t i o  o f  2, the i n j e c t o r  and chamber 
pressure i s  262 ps ia f o r  a nozzle stagnation pressure o f  250 psia, which in-  
clgdes the e f f e c t  o f  l i q u i d  i n j e c t i o n  ve loc i t y  and C*. A 12 ps i  increase 
i n  required tank pressure increases tank weight by approximately 3%. Con- 
versely, nozzle length and diameter increase by 3.4 and 3.9 inches, respec- 
t i ve l y ,  a t  the required in jector-end chamber pressure i s  250 psia a t  F=1200K, 
based on a 12 ps i  lower nozzle stagnation pressure. Tradeoffs invo lve 
chamber diameter and weight and coolant design versus nozzle length and 
diameter. 

The rad ia l -ax ia l  combustion f i e l d  o f  the TRW i n j e c t o r  requires t h a t  the 
in jec tan ts  follow a t ra jec to ry  which w i l l  asymptot ical ly approach the wal l  
f o r  a minimum chamber diameter. Results o f  t h i s  analysis f o r  the 1200K 
engine are shown i n  Figure 8.6.2-1 f o r  several d i f f e r e n t  cont ract ion ra t i os .  
The maximum drop le t  sizes were taken as 3 
given i n  the next section. A cont ract ion r a t i o  o f  2:l w i l l  s a t i s f y  the 
propel lant  t ra jec to ry  requirements i n  a chamber o f  approximately 100-1 20 
inch length maximum. This resu l t s  i n  a diameter o f  p i n t l e  t o  diameter o f  
chamber r a t i o  o f  0.25. 

The a,, pred ic t i on  are 

8.6.3 In jec t i on  Fineness and Combustion Length Requirements 

An estimate o f  the i n i t i a l  combustible mean volume drop s ize  i s  i n  
Figure 8.6.3-1 f o r  the coaxial i n j e c t o r  (assuming un l i ke  doublet type be- 
havior).  As seen, the e f fec t i ve  increase i n  d30 values i s  r e l a t i v e l y  small 
f o r  increases i n  th rus t  leve l  . As a consequence, i t  i s  concluded tha t  
mu l t i p le  module conf igurat ions o f  the coaxial i n j e c t o r  are no t  warranted, 
and the simple, symmetrical, s ing le  element w i th  36 primary and secondary 
elements w i l l  be compatible w i th  the PFE concept. I t  i s  observer’, t h a t  
based on Figure 8.6.3-1 predict ion,  cryogenic C3H8 w i l l  requ i re  increased 
combustion chamber requirements as compared t c  RP-1. Heating o f  the fue l  
(as i n  a regenerative chamber) shows a markec increase i n  mean fue l  drc;plet 
sizes. The maximim volume mean sizes f o r  the combustion ca lcu lat ions were 
taken as 3 d30. 
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The Djnamic Sciences one dimensional comblistion model , prepared fcr 
NASA f o r  the  purpose o f  making performance stimates, was used w i t h  the 
data der ived from the  above f o r  t he  purposes o f  est imat ing the  combustion 
chamber requirements. A f i v e  group s i ze  d i s t r i b u t i o n  wds used .in these 
ca lcu la t ions .  The r e s u l t s  are shown f o r  the 1200K con f igu ra t i on  ( E ~  = 2 1 )  
i n  Figure 8.6.3-2. It i s  immediately seen t h a t  the performance i s  coli- 
t r o l l e d  by the RP-1 vapor izat ion ra tes .  The running combustion performance 
requi red l e v e l  i s  % 95% f o r  the I requirement o f  the  PFE. The conser- 

SP 
va t i ve  estimates o f  the  actual  requi red combustion chamber becomes readi  ~y 

apparent when i t  i s  noted t h a t  the  one dimensional c a l c u l a t i o n  does no t  
inc lude the  head end t r a j e c t o r i e s  o f  t he  p r o p l l a n t .  

Table 8.6.3-1 summarizes the combustion chamber s i z i n g  requi-ements 
for var ious s i z e  engines. Comparison i s  a l so  made w i t h  L02/C3H8. 
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8.7 DYNAMIC ANALYSIS MODEL 

This section present. a summary o f  the equations used i n  the low fre- 
quency dynamic analysis o f  the TRW pressure fed engine and LITWC system. 

Refer to Figure 8.7-1. 

Feed1 i nes : 

.. 
= L *W + K 1 * l i  VR I * im pt - pvl 1 v R  

where L1 - l ine inertance 

K1 - l ine resistance 

rigid body flow (1 1 

and 

I n l e t  Valves: 

where G is a valve admittance function v 
- Thrust Chamber I n l e t  Lines and Injector Cavity: 

.. 
2 - L2(v)*Wv + K2(v)* lGV piv f B(v)Pj 

where 

V I, non dimensional priming volume 

6 % start conditica coefficient 

8- Id1 
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total valve flow (3) 

valve f l o w  (4) 

valve pressure (5) 



t 

2 

-L i n l e t  l i n e  & i n j ec to r  cavi ty  iner tance - a 
function of f i l l  volume L2 

'L i n l e t  l i n e  and cooling tube ( i f  appl icable)  
res i s tance  - a function of f i l l  volume K2 

$ = 1  

SOFT STMT - irzjector pressure 
and flow during i n l e t  l i n e  6t 

cavi ty  f i l l  

HARD START - no injecEor p res su re  
un t i l  i n l e t  l i n e  & cavi ty  
completely f i l l e d  

C - lumped capacitance f l u i d  and l i n e  and i n j e c t o r  cavi ty  
j 

Injector Valve: 

1 / 2  -1 
w = ] Gj* [pj - p.3 * sign (P - P )I 11 + TjpI i n j e c t o r  flow j j C 

where G - i n j e c t o r  admittance 
j 

?r l inear ized  in j ec to r  t i m e  constant 
Tj 

p Laplace var iab le  

Combus Chamber: 

P (t) + c i ( t )  6. (t 
C c c  = [  JO 

where T - 
C 

C* - 

(7' 

- Td) + w (t. - Id)] 6 chamber pressure (8) 
j f 

combustion chamer lag 

combustion chamber t i m e  delay 
! 

oxidizer  and f u e l  i n j e c t o r  flows 
at  t i m e  t - rd 

c h a r a c t e r i s t i c  vt$ocity as a function of 
mixture r a t i o  - W /W 

do j f  
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Start/Stop Impulse: 

impulse ( 9 )  

4 LITVC: 

Fluid : 

- - P = L W + K 1; I*i, 
pV1 m d d  d d  downcomer flow (1 0) 

P - Pi = L W + K Ifi I * i  m m m  m m  m manifold flow (11 1 

manifold pressure (1 2) 

injector pressure (13) 

control flow (14) 

flow continuity provided a t  Pv, when LITVC system included i n  analysis. 

Control System: E 

conmtand flow 

error signal 

k 

= vc - 91 

a 

p = Laplace variable 

1. 
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9. CONCLUSIONS 

-' f 

The TRW PFE concept w i th  the coaxial p i n t l e  i n jec to r  avd conventional 
g imbal l ing system represents a completely v iab le  engine concept which can 
be developed today with minimum r i s k  and a h igh degree o f  confidence i n  '.he 
projected program costs. The concept possesses no need f o r  major state-of-  
the-ar t  advances. The s ing le  pass cool ing network exact ly u t i l i z e s  ex i s t i ng  
state-of- the-art  RP-1 cool ing data from the Apollo Program. There are no 
new mater ia ls o r  f ab r i ca t i on  requirements. There are a t  l eas t  two vendGr 
candidates f o r  each o f  the PFE par ts  who can too l  up immediately for the re- 
qui  red del i veries. 

The question o f  s t a b i l i t y  o f  the PFE appears t o  be o f  neg l i g ib le  pro- 
port ions. A l l  experimental and ana ly t i ca l  evaluations o f  the TRW coaxial 
i n jec to r  ind ica te  t h a t  i t  i s  a completely scaleable device w i th  respect 
t o  s tab le operation. 
t o  combustion dr iven i n s t a b i l i t y .  Furthermore, the PFE and feed system 
possess a t tenua t im  charac ter is t i cs  which are o f  s t a b i l i z i n g  form w i th  
respect t o  POGO problems. The primary center engine dr iven type o f  POGO 
problem can be completely el iminated by design o f  the propel lant  feeds. 

I t  i s  asserted t h a t  the TRW PFE i s  inherent ly  s tab le 

The PFE can be designed t o  provide a mission l i f e  capab i l i t y  o f  75 t c  

100 missions w i th  high confidence. The coaxial  i n j e c t o r  approach resu l t s  
i n  r e l a t i v e l y  la rge  propel lant  metering o r i f i ces ,  so la rge  i n  f a c t  t h a t  
they can be measured more accurately than they can be f low checked. The 
PFE l i f e  i s  not  compromised by wide swings 'in the i n l e t  condit ions t o  
the engine. The thermal coolant margins are q u i t .  large. 

The overa l l  design approach al lows the e n t i r e  th rus t  chamber assembly 
t o  b T3bricated from one basic mater ia l .  There i s  no need o f  any high 
conduct iv i ty  mater ia ls i n  the engine. As a r e s u l t  sea water gaivanic 
effecgs are v i r t l i a l l y  eliminated. 

F ina l l y ,  the t h r o t t l i n g  and sea water i s o l a t i o n  features can be eas i l y  
incorporated i n t o  the design. The face shuto f f  feature prevents sea 
water from ever entering the manifolding o f  the ensine. As such the overa l l  
maintenance requirements f o r  the PFE are v in imi ted.  Wher, the design i s  
c r i t i c a l l y  assessed i t  i s  found tha t  there are only 37 major component 
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lements on the e n t i r e  engine and only 'L 5 o f  these a r e  ac tua l ly  a c t i v e .  
This resu l ts  i n  a t rue  low cost engine wi th  minimal refurbishment requir -  
ments. 

9-2 

_. -) 

i 


